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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!W/cm? shone on plas-
mas of densities 10'® em™? can yield 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 yomc? to 3yomc? 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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Multi-gigaelectronvolt acceleration of positrons
in a self-loaded plasma wakefield

S. Corde"?, E. Adli'?, J. M. Allen', W. An*?, C. I. Clarke', C. E. Clayton®, J. P. Delahaye’, J. Frederico', S. Gessner', S. Z. Green',
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CONCEPTUAL DESIGN OF THE DRIVE BEAM FOR A PWFA-LC*

S. Pei#, M. J. Hogan, T. O. Raubenheimer, A. Seryi, SLAC, CA 94025, U.S.A.
H. H. Braun, R. Corsini, J. P. Delahaye, CERN, Geneva

Fig. 1: Concept for a multi-stage PWFA Linear Collider.




Table 1: Key Parameters of the Conceptual Multi-Stage PWFA-based Linear Collider

Main beam: bunch population, bunches per train, rate

1x10", 125, 100 Hz

Total power of two main beams

20 MW

Drive beam: energy, peak current and active pulse length

25GeV,23A,10 us

Average power of the drive beam

58 MW

Plasma density. accelerating gradient and plasma cell length

1x10Yem™. 25 GV/m. I m

Power transfer efficiency drive beam=>plasma =>main beam

35%

Efficiency: Wall plug=>RF=>drive beam

50% x 90% = 45%

Overall efficiency and wall plug power for acceleration

15.7%. 127 MW

Site power estimate (with 40MW for other subsystems)

170 MW

Main beam emittances, X, y

2.0.05 mm-mrad

Main beam sizes at Interaction Point, X, y, z

0.14,0.0032, 10 um

Luminosity

3.5x10% cm™s™

Luminosity in 1% of energy

1.3x10"* cm™s™

RF gun Dnve beam accelerator

RF separator
bu.nch CcOmpIessor

( E E Beam Dehvely and IR )

PWFA cells PWFA cells

Fig. 1: Concept for a multi-stage PWFA Linear Collider.




European Network

S
Y AWASE—
. L8

MAXPLANCK«GESELLSCHAFT

A VWAIKE—

P. Muggli, 06/04/2013, EAAC 2103

Proton-driven
Plasma Wakefield Acceleration

Collaboration:
Accelerating e on the wake of a p* bunch %

© P. Muggi
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<ILC, 0.5TeV bunch with 2x101%- ~1.6kJ mﬁxﬁm{m 2

<-SLAC, 20GeV bunch with 2x101%- ~60J i . S

<-SLAC-like driver for staging (FACET= 1 stage, collider 10* stages) f
<SPS, 400GeV bunch with 10"p* ~6.4kJ
LHC, 7TeV bunch with 10"p* ~112kJ

<A single SPS or LHC bunch could produce an ILC bunch in
a single PWFA stage! ‘ aldwet, Nat. Phys. 5, 363, (2009)

h

<-Large average gradient! (=z1GeV/m, 100’s m)

© P. Muggli



Discharge configuration |l

preliminary tests with the AWAKE 3 meter test tube at IC - 2016

very promising results

... reliable, low jitter plasma formation

scalability of electric circuit for plasmas > 10 m seem achievable...
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electron beams
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EuPRAXIA INFRASTRUCTURE

Engineering a high
quality, compact
plasma accelerator

5 GeV electron beam
for the 2020’s

Demonstrating user
readiness

Pilot users from FEL,
HEP, medicine, ...

PRODUCTION FACILI

Plasma-based linear
collider in 2040’s

Plasma-based FEL in
2030’s

Medical, industrial
applications soon
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EuPRAXIA Design Study
Approved as HORIZON 2020 INFRADEV, 4 years, 3 M€

Coordinator: Ralph Assmann (DESY)

Free-Electron
Laser Science
Hall (FEL)

EuPRAXIA facility l’l Pilot application

3cube laser / /
.

entrance hall

offices

of Electron Plasma
Accelerators Hall
(PAEPA)

undulators

s ’ plasma section
3 % 4
N ’ oy prefi™
e 4 ° 3D layout by Darek Kocon

and Andreas Walker




EGI;F;A)/\/(A Participating Institutions

16 beneficiaries, 16 associated partners T

Status 8/2016 USTRATH

University of Strathclyde, UK

Science & Technology Facilities
Council, UK DESY
Stiftung Deutsches Elektronen Synchrotron,

UN|MAN Germany

University of Manchester, UK

ULIV

University of Liverpool, UK

(Vo) (3

University of Oxf

Associated Partners

(as of August 2016)
JUS Jiao Tong-University Shanghai CNRS INFN
@i Nl ds b Redaeh Instituto Nazionale di Fisica Nucleare,
TUB Tsingua University Beijing EEEEE . Italy

Scientifique, France

ELl'B Extreme Lightlnfras’tructure-Beams SOLE".

PHI.AM Lille University
HUJ Helmholtz Institute Jena ENEA

- Agenzia nazionale per le nuove tecnologie,
— - - - : :
Bariat a ['Energie Ato IST ID I'energia e lo sviluppo economico

pnergies alternatives, Fran Associacao do instituto superior tecnico para sostenibile, Italy
a investigacao e desenvolvimento, Portugal

E HZDR Helmholtz-zentrum Dresden-Rossendorf
LMU Ludwig-Maximilians-Universitat Miinchen
ﬂ WIGNER Wigner Research Centre of the Hungarian Academy of Science

E CERN European Organization for Nuclear Research

KPSI/JAEA Kansai Photon Science Institute, Japan Atomic Energy Agency
OU Osaka University

RSC RIKEN SPring-8 Center

LU Lund University

CASE Center for Accelerator Science and Education at Stony Brook U & BNL

=

1%}

LBNL tawrence Berkeley National Laboratory

UCLA University of California, Los Angeles




PWFA accelerating field




Regimes: Linear & Non-Linear
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Wilson theorem for collinear wake field acceleration

©.©

Energy lost by an infinitely short bunch: U, =-q;w,(0)

Energy change of the second bunch U, =-¢,w,(0)+q,q,w,(z,)

The sum of the energy exchange by the two bunches must be
smaller or equal to zero:

U,+U, = _Q§W// (O) - quvw// (O) +49.,49,W, (Zw) <0

Qd qW

This relation has to be true for all values of charges (the w-
potential doesn’t depend on q), also when g,=q,, which minimize
the r.h.s, we obtain:

w, (zw) =2w, (O)




The transformer ratio R is a figure of merit of the accelerating
field.

According to previous discussion is defined as the ratio
between the peak accelerating field behind drive bunch and the
peak decelerating field within drive bunch:

2

R =L
T —
1 Driver Bunch E-ﬁeld‘ Eaccele:ating L E_
R. <2

e-number
density perturbation

0 1 2 3 4
wp(t-z/c)/27t



Beam loading

W Bunch

np, (arb. units)

Flattened \\:
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Fig. 5: Linear beam loading example: (a) drive bunch density profile (red line) and longitudinal wakefield F,
(green line), (b) same for the witness bunch, (c) same for the drive and witness bunches together. The field of the

drive bunch only is shown as the blue line in panel (c¢). A zoom around the witness bunch is shown in panel (d).
The bunches move to the left.




Energy gain and efficiency

Assuming R;=2 and that the Driver will loose all its energy in the plasma, the
active length can be defined as:

ATd = eE—Lact Lact = ATd = 2ATd
ek_ ek,
The Witness energy gain is: AT =elL E —elL E"

Where the second term on the r.h.s is the energy lost in the plasma by the
witness itself.

Substituting the definition of L
the charge it results:

.t and using the field scaling |E, Q| w.r.t

AT, =2|1= Lo |aT = 2-%x |aT,
2E

+

And the efficiency of the process is given by:
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Velocity bunching concept (RF Compressor)

Electron Bunch from RF injector
Initial velocity o ~ 0.994 (4MeV)

»
Back’s

Siip
&
Compression

Phase -90° Phase 90°

. RF (Traveling Wave)®
p> o (ily” Phase velocity fiy, ~ 1

B=Fo
p< ﬁ;; (head)

If the beam injected in a long accelerating
~ Ustructure at the crossing field phase and it
1s slightly slower than the phase velocity
of the RF wave , 1t will slip back to
phases where the field is accelerating, but
at the same time it will be chirped and
compressed.




Laser Comb technique:

generation of a train of short bunches

(Parmela code)
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| aser Pulse Train Generation
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Overcompression

SPARC COMB, Qtot=220pC/pulse,d=4.27 psec
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Laser COMB: experimental results

4 Pulses 168 MeV, on crest
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PWFA transverse field
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Energy spread compensation with beam loading

W Bunch
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Fig. 5: Linear beam loading example: (a) drive bunch density profile (red line) and longitudinal wakefield F,
(green line), (b) same for the witness bunch, (c) same for the drive and witness bunches together. The field of the
drive bunch only is shown as the blue line in panel (c¢). A zoom around the witness bunch is shown in panel (d).
The bunches move to the left.




Longitudinal
====-Transverse

de the plasma

ICS INSI

Envelope evolution

i
-
-

| | |

™ 0 N W
o -~

[w 1] 2z18 swu

&
©
c
>
©
=
@
o
O
O
N
-
0
>
7))
C
©
-
_I

Position [ m]
Transverse normalized emittance

Il 1 | |
™ 0 N W
o -

[peJw wwi] Y

—

L
o

Position [l m]

Courtesy P. Tomasssini




matching condition with the plasma:
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Envelope evolution
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Beam Manipulation
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Capillary Discharge at SPARC LAB




Plasma Source

H>-filled capillary discharge

C | R L
II VWV
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Total discharge duration: 800 ns S0
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Active Plasma Lens

Magnetic Field (B ) vs Force on electrons (F)
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Experimental layout

oy

bunch

Capillary

V=20kV

50 pC . — 1=100 A
1ps Discharge circuit R =500 um
130 um e =

120 MeV . L=3cm

1 mm mrad Sapphire



50

100

150

200

250

300

350

400

450

100

Discharge OFF

Q

200

Preliminary results

300

400

500

600

Current (A)

Discharge current profile

100

80

60

40

20

-500

0

500 1000
Time (ns)

1500

2000



Current (A)

APPLIED PHYSICS LETTERS 110, 104101 (2017)

@ CrossMark

Experimental characterization of active plasma lensing for electron beams
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Nonlinear focusing field
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Ramps effects on emittance without discharge
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velocity of plasma

Side view:

Front view
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In order to see the real expansion
of the plasma we have to mount
the capillary of 3 cm length so that
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I velocity of plasma
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The CERN Accelerator School
is organizing a course on

PLASMA WAKE ACCELERATION
23-29 November, 2014

CERN, Geneva, Switzerland

The course will be of inferast to staff and students in
accelerator laboratories, university departments and
companies working in or having an inferest in the field
of new acceleraticn techniques.

Following Infroductory lectures on plasma and laser
physics, the course will cover the different components

Beatwave

of a plasma wake accelerator and plasma beam
systems. An oveniew of the experimental studies.
diagnostic tools and state of the art wake acceleration
facilities, both prasent and plannad, will complement
the theoretical part. Topical seminars and a visit of
CERN will complete the programme.
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