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Particle Accelerators

“Livingston” plot of evolution of accelerators
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What we talk about, when we talk about plasma:
* |onized medium (normally a gas)

* Collisions can be (most of time) neglected
- Electromagnetic interaction dominates

» Large number of particles = collective behavior

* Quasi-neutral (ny,~ ny;)
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Plasma — Space Charge Screening
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—> It tends to keep the charge and current neutrality:
Plasma electrons (m,>>m,) move to compensate for the disturbance
- Plasma screens electromagnetic fields



Plasma - Space Charge Screening

What we talk about, when we talk about plasma:
* |onized medium (normally a gas)

* Collisions can be (most of time) neglected
- Electromagnetic interaction dominates

» Large number of particles = collective behavior

* Quasi-neutral (ny,~ ny;)
—> It tends to keep the charge and current neutrality:
Plasma electrons (m,>>m,) move to compensate for the disturbance
- Plasma screens electromagnetic fields

When the equilibrium is perturbed:

Npel?

* Electrons oscillate with angular frequency wpe = [——
e<0

nyie? . . . . .
* lonswithwy; = /ﬁ K wype (ionsconsidered immobile for short time-scales)
i<o




Plasma Wakefields Excitation

* Let’s take a plasma with density n, 1. Transverse E field expels plasma
* Let’s take a relativistic charged bunch (e.g. e’) with density n,<<n,, electrons
(roughly the same for laser pulses)

lack of electrons

(inspired by P. Muggli’s CAS lecture)
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Plasma Wakefields Excitation

* Let’s take a plasma with density n, 1. Transverse E field expels plasma
* Let’s take a relativistic charged bunch (e.g. e’) with density n,<<n,, electrons

excess of electrons
lack of electrons

2. Positively charged region behind
the bunch head

- restoring force

3. Oscillation of plasma e” with w,,
- periodic density variation

v E=t
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Linear regime: plasma electrons DO NOT cross longitudinal axis: PERTURBATION!!
Blowout (non-linear) regime: electrons DO cross the axis
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Plasma Wakefields Excitation

* Let’s take a plasma with density n, 1. Transverse E field expels plasma
* Let’s take a relativistic charged bunch (e.g. e’) with density n,<<n,, electrons

- Wake travels at driver’s velocity (no dephasing using relativistic bunches) 2- Positively charged region behind
the bunch head

- restoring force

3. Oscillation of plasma e” with w,,
- periodic density variation
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(inspired by P. Muggli’s CAS lecture) <
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Plasma Wakefields Excitation

* Let’s take a plasma with density n, 1. Transverse E field expels plasma
* Let’s take a relativistic charged bunch (e.g. e’) with density n,<<n,, electrons

 Wake travels at driver’s velocity (ho dephasing using relativistic bunches) 2. Posttively charged region behind
the bunch head

- restoring force

3. Oscillation of plasma e” with w,,
- periodic density variation
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Accelerating Gradient

* Fields in plasmas are sustained by the charge separation
Mg C Wpe

* As high as the cold wave-breaking field: Ey, 5 = —> oscillation length cannot exceed plasma wavelength

* E.g.forn,=(10"-10"%) cm, Eyyp~ 100% \/npe[ cm~3]=(1-100 GV /m)

THE

PHYSICAL REVIEW

eAd journal of experimental and theoretical physics established by E. L. Nichols in 1893

Wave «breaks» when
the maximum
amplitude is reached

Seconp Series, Vor. 113, No. 2 JANUARY 15, 1959

Nonlinear Electron Oscillations in a Cold Plasma

Jonx M. Dawsox
Project Matterhorn, Princeton University, Princelon, New Jersey
(Received September 19, 1958)
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* RF cavities limited to 100MV/m by breakdown, caused = one could dream of shrinking down the size of
e.g. by fatigue, pulse heating, etc.. accelerators by orders of magnitude
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Accelerating Gradient — Experimental Results

Laser Wakefield Acceleration (LWFA)

Beam-Driven Plasma Wakefield Acceleration (PWFA)

VoLusme 43, Nusnen 4 PHYSICAL REVIEW LETTERS 23 Juiy 1979

Laser Electron Accelerator

T. Tajima and J, M. Dawson
Depariment of Physies, University of California, Los Angeles, California 20024
(Recelved & March 1678)

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)
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Accelerating Gradient — Experimental Results

Laser Wakefield Acceleration (LWFA)

Voruse 43, Nusnen 4

PHYSICAL REVIEW LETTERS

23 Jury 1979

Laser Electron Accelerator

T. Tajima and J, M. Dawson

Depariment of Physies, University of California, Los Angeles, California 20024

(Recelved & March 1678)

Driver: high-intensity laser pulse

Beam-Driven Plasma Wakefield Acceleration (PWFA)

VOLUME 54, NUMBER 7

PHYSICAL REVIEW LETTERS

18 FEBRUARY 1985

and

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

J. M. Dawson, Robert W, Huff, and T. Katsouleas
Department of Physics, University of California, Los Angeles, California 90024
(Received 20 December 1984)

Driver: relativistic charged particle bunch
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PWEFA - First Demonstration

First experimental demonstration: 1988, Argonne National Laboratory (US)
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VOLUME 61, NUMBER | PHYSICAL REVIEW LETTERS 4 JULY 1988

Experimental Observation of Plasma Wake-Field Acceleration

J. B. Rosenzweig, D. B. Cline,(“) B. Cole."’) H. Figuema.(CJ W. Gai, R. Konecny, J. Norem,
P. Schoessow, and J. Simpson

High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439
(Received 21 March 1988)

We report the first experimental test of the physics of plasma wake-field acceleration performed at the
Argonne National Laboratory Advanced Accelerator Test Facility. Megavolt-per-meter plasma wake
fields are excited by a intense 21-MeV, multipiscosecond bunch of electrons in a plasma of density
n.=10"> cm 7, and probed by a low-intensity 15-MeV witness pulse with a variable delay time behind
the intense bunch. Accelerating and deflecting wake-field measurements are presented, and the results ‘] 9
compared to theoretical predictions.
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PWFA — Non-linear Regime

Most of PWFA’s work in the non-linear blowout regime: Req uirement:

« High gradient np > Npe
* Linearfocusingforce

/ Plasma electrons are pushed out
2

2.5 (b) A/e_

PHYSICAL REVIEW A VOLUME 44, NUMBER 10 15 NOVEMBER 1991

Acceleration and focusing of electrons in two-dimensional nonlinear plasma wake fields

J. B. Rosenzweig, B. Breizman,* T. Katsouleas,’ and J. J. Su
Department of Physics, University of California at Los Angeles, Los Angeles, California 90024
(Received 10 June 1991)

A regime of the plasma wake-field accelerator (PWFA) is proposed, in which a high-intensity elec-

. tron beam is used to excite extremely nonlinear, transverse motion-dominated plasma oscillations.
No electrons on axis

Through computational analysis of the plasma electron motion and the associated wake fields, it is

They cross the axis after~A,,

shown that if the beam is dense enough to eject nearly all of the plasma electrons from the beam

b l.OWO ut channel then the short-range wake fields are of excellent quality for acceleration and focusing of elec-
S. l .t tron beams. These results clear up many conceptual difficulties with the practical realization of a
- Ingutarity PWFA.

- Non-linearities 22



PWFA — Non-linear Regime

Most of PWFA’s work in the non-linear blowout regime: Req uirement:

- High gradient Nnp > Ny,

* Linearfocusingforce

- Main challenge: beam quality preservation (vital for applications)

/ Plasma electrons are pushed out
2

2.5- A/e_

>

- 2.5
1
O T |
PHYSICAL REVIEW A VOLUME 44, NUMBER 10 15 NOVEMBER 1991
Acceleration and focusing of electrons in two-dimensional nonlinear plasma wake fields
J. B. Rosenzweig, B. Breizman,* T. Katsouleas,’ and J. J. Su

Department of Physics, University of California at Los Angeles, Los Angeles, California 90024
(Received 10 June 1991)

A regime of the plasma wake-field accelerator (PWFA) is proposed, in which a high-intensity elec-
tron beam is used to excite extremely nonlinear, transverse motion-dominated plasma oscillations.

NO ele Ctrons On aXIS Through computational analysis of the plasma electron motion and the associated wake fields, it is

H shown that if the beam is dense enough to eject nearly all of the plasma electrons from the beam

Th ey C ro SS the aXIS afte r NA’pe (bl t) channel then the short-range wake fields are of excellent quality for acceleration and focusing of elec-
OWOU tron beams. These results clear up many conceptual difficulties with the practical realization of a

—> Singularity PWEA.
- Non-linearities 23



Main challenge — Energy spread (longitudinal quality)
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Main challenge — Energy spread (longitudinal quality)

=>» Experimental Demonstrations:
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Main challenge — Emittance Preservation (transverse quality)

=>»lon column provides linear focusing force

Radial electric field: E,-(r) = Zn—f r
0

(Gauss’ law on cylinder of ions)
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Main challenge — Emittance Preservation (transverse quality)

=>»lon column provides linear focusing force 254
>
Radial electric field: E,-(r) = Zn—f T Oom 0
0
(Gauss’ law on cylinder of ions) —25- : : \
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forceand « __ Matching condition
emittance
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Main challenge — Emittance Preservation (transverse quality)

=>»lon column provides linear focusing force o 5-
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Main challenge — Emittance Preservation (transverse quality)

* Direct experimental demonstration: * “Indirect” experimental proof:
T — Quality good enough for free-electron lasing
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Main Challenges

The main challenge remains:
* Do everything atthe same time

Energy spread minimization
Extremely high gradient .

a Dispersion (mm) 6 Driver 50 150 250
4—18 -16 -14 -12 -10 -8 ke
Energy loss Energy gain E 4 - Witness
Bl < _— g ‘
-2 Scalloping of the beam 2 r
3 A
g -1 [ L | 1
45 82 84 86 88 90 92 94
E 0 Energy (MeV)
: Emittance preservation
2
Plasma cell i >
a
b 3 |' ) T T T T
| lyf\ Plasma cell extracted (incoming beam): €= 2.85 + 0.07 mm mrad
_ '/I s 0 %0 F20f Plasma cell inserted (outgoing beam): ¢, = 2.80 - 0.09 mm mrad #4160
’.‘E 109 F A "\ Charge density (~e um-2) ES Evolution throughout the plasma cell (particle-in-cell simulation) o =
E ¥ \ g =
o o \ = 2
L = l gi5f =
<3 o 5
£ PG s
2 Experiment Yu c o
2 chesty -3 x 105 GeV-! |- @ 8
o Simulation ) N c
Nl"'ﬁ = £ ©
\’1! g S &
107 L L s | g
35 40 50 60 70 80 90 100
Electron energy (GeV) ] ; 3 ‘
-50 0 50 100

Longitudinal position, object plane (mm)
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Main Challenges

* Do it many times = high repetition rate

The main challenge remains:

Unperturbed
. . T I
* Do everything atthe same time N
Decaying wakefield and t’ ) v
Energy spread minimization EESIORICUSIOn / |
Extremely high gradient . ‘ |
a Dispersion (mm) 6 Driver 50 150 250
_4—18 -16 -14 -12 -10 -8 _ s
Energy loss Energy gain E 4 Witness
-3 BT g ’
-2 Scalloping of the beam 2 r
£ ;
-E- -1 L 1 1
5 82 84 86 88 90 92 94
E’ 0 Energy (MeV) ~_Perturbed
. . — " plasma
’ Emittance preservation . |
Trailing probe
2 Plasma cell —i > bunCh =
b 3 a Driving probe
|| llyf\-.\ Plasma cell extracted (incoming beam): €= 2.85 + 0.07 mm mrad bunCh .
= D/l "\ll 180 120 60 EQO L F’Iasm.acellinsened (outgoing beam): rﬂ-=2.é-l0j:0.0-9mm‘mrad 160 _ Plasma Was Shown to recover at nS tlme_Scale
IE 109 F /‘{ ' \ Charge density (-e um-2) =2 Evolution throughout the plasma cell (particle-in-cell simulation) =
g ,/ b X E a0 B R. D’Arcy et al., Nature 603, 58-62 (2022)
z B e §° e R. Pompili et al., Comm. Phys. 7, 241 (2024)
£ sl -3x1oseGev_“|‘*,,,Nw »_ 3 Still a technological challenge:
i : : , T -l , 1o & * Plasma generation
35 40 50 60 70 80 90 100 e " oy e
Electron energy (GeV) ol ; 3 ‘ 0 b Heat depOSItlon
= Longﬁudinal position, objecli?lane (mm) . ° etC. .
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EuPRAXIA@SPARC_LAB

Single-stage high-quality high energy gain, high repetition rate PWFA

* The most challenging application of single-stage PWFA: free-electron-laser
* High charge
* Low emittance
* Low energy spread
* High shot-to-shot reproducibility
* Tunability

* Deliver radiation in water window (2-4 nm) for users User area

Undulators
Witness bunch generates radiation
through FEL process

Plasma module

Witness boosted to 1 GeV
(energy doubling)

X-band linac
boost to 500 MeV

S-band injector:
producing driver and witness bunches ~150 MeV



EuPRAXIA@SPARC_LAB

Single-stage high-quality high energy gain, high repetition rate PWFA

* The most challenging application of single stage PWFA: free-electron-laser
* High charge
* Low emittance
* Low energy spread
* High shot-to-shot reproducibility
* Tunability

* Deliver radiation in water window (2-4 nm) for users User area

Undulators

Witness bunch generates radiation
through FEL process

Plasma module

Witness boosted to 1 GeV
(energy doubling)

X-band linac First beam expected end of 2029!
boost to 500 MeV

S-band injector:
producing driver and witness bunches ~150 MeV



PWFA — Positrons

- Positrons may be needed for future lepton colliders
In principle, just a T phase difference in the wakefields

S N -

= - ) =)+ = e - =) =) + &0 +4—4—t—>—>!4—4—1-6‘

i 1 | 1 1 i )
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PWFA — Positrons

- Positrons may be needed for future lepton colliders
In principle, just a T phase difference in the wakefields
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PWFA — Positrons

- Positrons may be needed for future lepton colliders
In principle, just a T phase difference in the wakefields

t. 1 13 it _1 I_e‘

&= - =) =) 4+ = & - =) =) + &0 =) + (== ¢am - ==) =) + ¢ == -

< 1 ! ] 1 4 1 |

k endi k endi
VOLUME 93, NUMBER 1 PHYSICAL REVIEW LETTERS 2 TOLY 200 VOLUME 90, NUMBER 21 PHYSICAL REVIEW LETTERS 3‘6’9&A‘3}12133
Meter-Scale Plasma-Wakefield Accelerator Driven by a Matched Electron Beam Plasma-Wakefield Acceleration of an Intense Positron Beam
P Muggli,1 B.E Blue,2 C.E. Clayton,2 S. Dcng,l E-L Dc(:kcr,3 M. I Hogam,3 C. Hua\ng,2 R. Iverson,3 C. Joshi,2 B E Bluel C.E Clayton 1 C L O'Connell 2 E-J. Decker. M. J Hogan 20 Huang IR Iverson.2 C. Joshi.!
T.C. Katsouleas,' S. Lee,! W. Lu,> K. A. Marsh,? W. B. Mori,? C. L. O’Connell,* P. Raimondi,’ ’ T ,C. Kat.souleas B,W -Lu K A Ma’rsh-] W B M(;ri 1 -P-Mu " s R Siemar;n 2,0d D V;(alz-z ’
R. Siemann,” and D. Walz® : e + s W Ik » B gEll, s .

— - +
— ﬁl_m....-.........- /’\ g e 100 Direction of - 100 e
- = - I:"_-l} 80 |~ Propagation 3
L |50 60 %
= wol Long Bunches: 40 i A
£ s Head and center lose energy E 2 GO‘IE‘
2 of Tail gains energy = 0 e
o s -\ oy 9%
= F g -20 ! g
= -100F A 40 /20
= -150
= -60
=y

& -200 F |L. ] -80 | | ﬁ * | | 0

4 4 2 0 2 4 & ¥ 6 4 -2 0 2 4 6

S 36
Time l:p:-ﬂ Position in Bunch (ps)



PWFA — Positrons

- Positrons may be needed for future lepton colliders Plasma density (8.0 x 106 cm)
In principle, just a T phase difference in the wakefields

- Acceleration demonstrated also in the non-linear regime :
>
LETTER
doi:10.1038/nature14890 : 5 ’:E’
Multi-gigaelectronvolt acceleration of positrons 113
in a self-loaded plasma wakefield e |
PPV AT TGPl DY~ R S U S S P H i vl -20 Jo
S. Corde™?, E. Adli*3, J. M. Allen}, W. An*>, C. L. Clarke', C. E. Clayton®, J. P. Delahayel, J. Frederico', S. Gessner?, S. Z. Green’, B =180 -100 ) 0
M. J. Hogan', C. Joshi®, N. Lipkowitz', M. Litos*, W. Lu®, K. A. Marsh*, W. B. Mori*>, M. Schmeltz!, N. Vafaei-Najafabadi*, & (um)
D. Walz!, V. Yakimenko' & G. Yocky'
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o o
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PWFA — Positrons

- BUT: In the blowout regime, e* witness bunches need to be placed very close to the singularity

S ESEET SRS VST |

e & e* FOCUSING FIELDS*
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PWFA — Positrons

- BUT: In the blowout regime, e* witness bunches need to be placed very close to the singularity
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Exp

Sim

PRL 101, 055001 (2008)

PHYSICAL REVIEW

week ending

LETTERS 1 AUGUST 2008

Halo Formation and Emittance Growth of Positron Beams in Plasmas

P. Muggli,! B.E. Blue,? C.E. Clayton,? F. J. Decker,> M. J. Hogan,?> C. Huang,? C. Joshi,2 T. C. Katsouleas,’ W. Lu,>
W. B. Mori,? C.L. O’Connell,® R. H. Siemann,® D. Walz,? and M. Zhou®

Plasma OFF

Plasma ON

b) n,=0.7x10"4cm-3

Halo due to aberrations

b)n =1.5x10%cm:

- emittance growth
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PWFA — Positrons

- BUT: In the blowout regime, e* witness bunches need to be placed very close to the singularity
- Some creative solutions were proposed:

(@) 15 Transverse wakefield
Positron Beam  go|d Mirror o B .
with hole S
| g
Kinoform L -
£
£
- =
Plasma Channel | Imaglng -
Quadrupoles CE{
Laser Dipole :E
YAG Screen Spectrometer =
x
|
‘--..x - ._“
Without Plasma [With Plasma = - Angular deflection measurement '{'
Channel Channel -0.2 + Indirect measurement (from longitudinal) F
+1 o error (Monte Carlo simulation) "
-------- Theoretical model (10% ionization)
@ @ LANEX Screen ﬁ 0.4 O PIC simulation (hard-edge channel)

b 200 pm C 0 100 200 300 400 500 600
Bunch separation (um)

- Acceleration in hollow plasma (avoiding focusing force on axis) - But tight alignment tolerance to avoid transverse instabilities
Gessner et al., Nat. Comm. 7, 11785 (2016) Lindstrgm et al., PRL 120, 124802 (2018)



PWFA — Positrons

- BUT: In the blowout regime, e* witness bunches need to be placed very close to the singulasi
- Some creative solutions were proposed:

_ Positron Beam  Gold Mirror

Laser Profile

= Angular deflection measurement .,
Indirect measurement (from longitudinal) F
+1 o error (Monte Carlo simulation) ’
-------- Theoretical model (10% ionization)
i 0 PIC simulation (hard-edge channel)

0 100 200 300 400 500 600
Bunch separation (um)

- Acceleration ~(avoiding focusing force on axis) - But tight alignment tolerance to avoid transverse instabilities
Gess ~Nat. Comm. 7,11785 (2016) Lindstram et al., PRL 120, 124802 (2018)



PWFA — Muons

Acceleration of muons is possible in principle, but:
* ifinjected with v<<c: need for a slow (non-relativistic) driver
- dephasing upon acceleration (witness gets closer to the driver)

* Possible solution: tapered plasma density profile

K

* Initialdown ramp to slow down the wake 08

* Constant density region after v, ~vy 0k

* Up ramp region to mitigate dephasing ‘
0.4
0.2
0% 500 1000 1500 A

C. Badiali (IST), EAAC 2023



PWFA — Muons

Acceleration of muons is possible in principle, but:
* ifinjected with v<<c, then need a slow (non-relativistic) driver
- dephasing upon acceleration (witness gets closer to the driver)

* Possible solution: tapered plasma density profile

x,[c/w]

Time = 199.88 [1/w, ]

:( Ligd 5 l o sunenl 3 1§ l """"""" ] lllllllll ' IIIIIIII :

F - .

4 = ~ \ =

o ’ - \ 7

LN \ \ J

: 1 3

0 J ) 3

= v — | ,/ .

4 ' / =]

{ Very stable B

wakes! ]

lllll l RO e e l e e l e A l ERRAES L L l:
140 150 160 170 180

X, [c/w)]

Using a driver with v; = 0.96¢, a, = 10 and w, = 20

-0.5

'
—

-
(&)

plew,/c’

n(x)

=]

First Wake
‘ Second Wake

oS o o
> o @

©
N

o
o

500

o

¥ Accelerating using the second wake gave the best results.
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PWFA — Muons

Acceleration of muons is possible in principle, but:
* ifinjected with v<<c, then need a slow (non-relativistic) driver
- dephasing upon acceleration (witness gets closer to the driver)

* Possible solution: tapered plasma density profile

Time = 199.88 [ 1/, ]
:lIVI]IIV—I—rIIIII rrrrrrrrr | BRI 9L T P | BB o1 't UL : O I,o
4 ] . — First Wake
4 & 0.8/
C S —" \ ] -0.5 |~ Second Wake
R \ = —
> B \- . ‘o 0.6
~— = { v . N\a ’,? |
o OF ( Y B s g |\
o™ = = o,
2 = -~ 04
] — A " ] 1.5
4 Il Very stable . o 0.2 .
wakes! ] —
AAAAA lAAL_l_LllllllALlAIlllllljllllllllllllllll: 2 00 1 1
140 150 160 170 180 0 500 1000 1500
X, [c/w)]
x‘l
Using a driver with v, = 0.96¢, a, = 10 and w, = 20 ¥ Accelerating using the second wake gave the best results.

C. Badiali (IST), EAAC 2023
But: need a muon beam to test..



PWFA — Very high energy

* The maximum net energy gain of the witness bunch is in general limited to:
1000 -
AE ~ 2 X Ed
(and for energy conservation QyAEy, < QpAE)) 500
e.g: 1 GeVdrive bunch drives 1 GV/m accelerating field g o
- Depleted after 2m (500MV/m decelerating field) EN
- Maximum energy gain of witness: 2GeV H 500
—1000 -

-20 -15 -10 -05 00 05



PWFA — Very high energy

*  The maximum net energy gain of the witness bunch is in general limited to:
1000 -
AE ~ 2 X Ed

(and for energy conservation Qy/AEy, < QpAEp) 500 |
e.g: 1 GeVdrive bunch drives 1 GV/m accelerating field g o
- Depleted after 2m (500MV/m decelerating field) =
- Maximum energy gain of witness: 2GeV - 500
To reach VERY high energy (e.g. 5 TeV) 1000
* One highly energetic driver to accelerate witness 50 -15 -10 -05 00 05

in a single stage (afterburner): Ape

Assuming energy tripling of witness bunch
- need a 1.7 TeV driver and witness couple
- CLIC-scale main linac

540 klystrons 5
20MwW,148ps | | | Drive Beam

drive beam accelerator

BDS
2.75 km
TA e-main linac, 12 GHz, 72/100 MV/m, 21 km




PWFA — Very high energy

* The maximum net energy gain of the witness bunch is in generallimited to:
1000 -
AE ~ 2 X Ed
(and for energy conservation Qy/AEy, < QpAEp) 500
e.g: 1 GeVdrive bunch drives 1 GV/m accelerating field E 0
- Depleted after 2m (500MV/m decelerating field) =
- Maximum energy gain of witness: 2GeV H 500
To reach VERY high energy (e.g. 5 TeV) 1000
* One highly energetic driver to accelerate witness 50 -15 -10 -05 00 05
in a single stage (afterburner): Ape
Many low-energy (cheaper) drivers in multiple stages
Assuming energy tripling of witness bunch Using e.g. 30 GeV drive bunches (requiring a > 300 m-long linac)
- need a 1.7 TeV driver and witness couple — AE < 60 GeV (R<2 for single symmetric driver)
- CLIC-scale main linac —~ Need > 83 stages
Wake- field modules Gamma converter and Detector
540 klystrons S
20mw,148ps | | | Drive Beam

drive beam accelerator
2.4 GeV, 1.0 GHz

< >

2.5km

Beam distribution network
(rf kickers)

delay loop » Heavily Beam-loaded Electron Linac

Compressor

‘m{mﬁm{m} o B 2 P et NMAGTO
/\ 375 km (1998) 532—543
e-main linac, 12 GHz, 72/100 MV/m, 21 km




PWFA — Staging

* The most outstanding challenge in PWFA:

72 MeVanalyzer

Plasma section
*

Bend
magnet

3-18 MeV

Quadrupoles -
beam dump

3-18MeV
beam dump

45 MeVanalyzer

650 MHz
rf kicker

—

45 McVanalyzer

J. Rosenzweig et al., NIM A410 (1998) 532—543

In each of them:

* Injectthedriver bunch

* Inject and match the witness bunch with appropriate beam loading
* Accelerated with high gradient and high net energy gain

* Extract (i.e., reduce divergence)

* Dispose of spent driver



PWFA — Staging

* The most outstanding challenge in PWFA:

Driver source,
RF linac (5 GeV) RF linac Electron
5-31 GeV e*/drivers
P33333>] ( ) source
> > [ D222 0232322202222 2222222232232 232223)>)) e

Beam-delivery system
(500 GeV e")

RF linac
Plasma-accelerator linac (56 GeVe)

(16 stages, ~32 GeV per stage)

From HALHF design
Foster etal 2023 New J. Phys. 25093037

In each of them:

* Injectthedriver bunch

* |Injectand match the withness bunch with appropriate beam loading
* Accelerated with high gradient and high net energy gain

* Extract (i.e., reduce divergence)

* Dispose of spent driver

- Repeat as many time as needed to reach the target energy
- Preserve the beam quality all along



PWFA — Staging

* The most outstanding challenge in PWFA:

Driver source,
RF linac (5 GeV) RF linac Electron
5-31 GeV e*/drivers
P33333>] ( ) source
> > [ 2222020222300 0002022222223 232233232223)5)) e

RF linac

Beam-delivery sy_/stem Plasma-accelerator linac (5 GeV e)
(500 GeV ) (16 stages, ~32 GeV per stage)

From HALHF design
Foster etal 2023 New J. Phys. 25093037

In eagh of them.: - Repeat as many time as needed to reach the target energy
* Injectthedriver bunch

- Preserve the beam quality all along
* |Injectand match the withness bunch with appropriate beam loading

* Accelerated with high gradient and high net energy gain -

* Extract (i.e., reduce divergence)
« Dispose of spent driver Basically, repeating EUPRAXIA n times..



PWFA — Staging

* The most outstanding challenge in PWFA:

Driver source,
RF linac (5 GeV) RF linac Electron
5-31 GeV e*/drivers
P33333>] ( ) source
> > [ 2222020222300 0002022222223 232233232223)5)) e

RF linac

Beam-delivery sy_/stem Plasma-accelerator linac (5 GeV e)
(500 GeV ) (16 stages, ~32 GeV per stage)

From HALHF design
Foster etal 2023 New J. Phys. 25093037

In eagh of them.: - Repeat as many time as needed to reach the target energy
* Injectthedriver bunch

- Preserve the beam quality all along
* |Injectand match the withness bunch with appropriate beam loading

* Accelerated with high gradient and high net energy gain -

* Extract (i.e., reduce divergence)
« Dispose of spent driver Basically, repeating EUPRAXIA n times..

SPARC_LAB and EuPRAXIA could play a major role on this topic!



PWFA — Avoiding staging

* Alternative: single long stage with extremely energetic driver: 10

- Proton bunches from synchrotrons _ Witness bunch energy
alongthe plasma

* Available proton bunches carry large amounts of energy:
« CERNSPS proton bunch: 310" p* at 400 GeV/c - 19.2 kJ
« CERN LHC proton bunch: 1-10"" p*at7 TeV/c 2 112 kJ
 SLAC FFTB electron bunch: 7:10%e- at 40 GeV/c - 40

Energy (TeV)

= Drive wakefields over very long distance!
no need for staging

0 l |
0 200 400 600
L(m)
Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Witness beam A. Caldwell et al., Nature Phys. 5, 363-367 (2009)
Drive beam: electron/laser Parameters:
single proton bunch
Plasma cell Witness beam 0,=100 pm,
—— e E=1TeV,
Drive beam: protons population: 1.10™ particles per bunch

(16nC)



PWFA — Avoiding staging

CMS

* Alternative: single long stage with extremely energetic driver:
- Proton bunches from synchrotrons

LHC

North Area

—> Acceleration of electrons demonstrated at AWAKE
(using 400 GeV p+from SPS and 10-m-long plasma source)

SPS

f r \\\\‘/’
. oy » . . . m -
- But: rely on beam-plasma instability to drive large amplitude wakefields ‘\(;‘,) o
- o/ m i
\ ps IO
1‘)39(628m)
% NAC —4
N 2005(78m)
2.2¢
- & Gradient AWAKE
2'0:— ¢ No gradient +
1.8F
16F +
S b
5 14: +
£ 12F
1.0F ¢
0.8-¢
Lo From20MeVto2 GeVin 10 m
06p " l l . = ~200MV/m
2 3 4 5 6 7

Ny (10™* cm~)

AWAKE Coll., Nature 561, 363—-367 (2018)



PWFA — Avoiding staging

* Alternative: single long stage with extremely energetic driver: T
—> Proton bunches from synchrotrons Pt et

2008 (27 km)

—> Acceleration of electrons demonstrated at AWAKE
(using 400 GeV p+from SPS and 10-m-long plasma source)

—> But: rely on beam-plasma instability to drive large amplitude wakefields ‘\ @

t[ps]

, 250 -300 350 -400 1N \ ‘
3 =, (a) X
0 ¥ 4 a2
1{- ' | Bunch converted into train
& : £ g am e e : (b) of microbunches 22,
Eo TR R AN R N e e - ¢ Gradient AWAKE
=13, i : ‘ | 20C " 4 No gradient +
L. Verra et al. (AWAKE Collaboration) Phys. Rev. Lett. 129, 024802 (2022) 3
16F +
E 1.43— +
—> Difficult to achieve collider-quality beams < 12f
1.0F ¢
- Applications for fixed target experiments 0-85‘: From 20 MeV 10 2 GeV in 10 m
06r " l l . > ~200MV/m
2 3 4 5 6 7

Ny (10™* cm~)

AWAKE Coll., Nature 561, 363—-367 (2018)



Applications to Particle Physics

Need to reach high center-of-mass energy (100’s GeV or multi-TeV)

ete
ZH |

(relevant for the target application/process to investigate)

Beam Species = impact on the physics and on the statistics

[S—
—
—
s |

a
-
—
-
s
-

ZHH

“l)“
E,i. [TeV]

10!

K. Langhoff, ALEGRO Workshop 2025
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Applications to Particle Physics

* Need to reach high center-of-mass energy (100’s GeV or multi-TeV)
(relevant for the target application/process to investigate)

» Beam Species = impact on the physics and on the statistics

| ete ‘ ee
10° y 103 o A
ZH IER———_ _ F [ e ———————
¢ / . . e e —
10% = 10% ¢ e ]
I ‘,/'/ ; P : - —
L / / ; ~
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| ~ e
— 10" —f — 10° 1 I ,’\"\\
s | . | ZHH- === =" T
© 10 i o) ]()—l | I I/ // -~ ~
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9 9 | l I 7 e e
|| el 10-*k | I 7/ 3
| | £
1073 10-3 ¢ | | }/
10) | / L ]()—l | I / ]
10! 10" 10) 101 10" 10*
Eeve- [TeV] Eeve- [TeV]

K. Langhoff, ALEGRO Workshop 2025
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Applications to Particle Physics

* Center-of-mass energy
(relevant for the target application/process to investigate)

* Beam Species = impact on the physics and on the statistics

* Luminosity
(gathering enough data in reasonable amount of time):

Charge \

Rep rate

~

Nznbﬁ‘e

p Which reads:
L — . F * High charge (~nC)
* High rep rate (~kHz)
4‘7-[0-9(: O-y * Extremely high quality

/ (~nm normalized emittance)

Transverse size
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Applications to Particle Physics

* Center-of-mass energy
(relevant for the target application/process to investigate)

* Beam Species = impact on the physics and on the statistics Efficiency:

* Wall-plug 2 Drive beam (Klystrons, etc..)
~55% (CLIC)

Luminosity M. Aicheler et al., CLIC CDR (2012)

(gathering enough data in reasonable amount of time):

e Drive Beam = Plasma

o ~60% with Gaussian bunch
* Luminosity per power F. Pena et al., Phys. Rev. Res. 6, 043090 (2024)
* Better metrics to quantify the luminosity one can “buy”

 Plasma = Witness
~22% preserving quality
Lindstrgm et al., Nat. Comm. 15, 6097 (2024)
Which reads: L UN

« High quality —
« High efficiency Ptot 4-7'[0'x O'y Eb

Bunch energy



Applications to Particle Physics

Center-of-mass energy
(relevant for the target application/process to investigate)

—

o
o
T

* Beam Species = impact on the physics and on the statistics

—
S

Luminosity
(gathering enough data in reasonable amount of time):

-t
S
N

Luminosity per power
* Better metrics to quantify the luminosity one can “buy”

Luminosity/Power [1 0*cm?s! MW'1]

-t
S
w
-—h
S
-

/

10°

10
CM Energy [TeV]

.100

—+—FCC ee -+ CCC
——CEPC —+MC
—~-CERC —-*—FCC hh

ERLC —+SPPC
—+—ReLiC PWFA
—+—|LC SWFA
——CLIC LWFA 107!

102

Integrate Luminosity per Energy [ab’1 TWh'1]

Which reads: L UN

« High quality —

« High efficiency Ptot 4-7'[0'x O'y Eb




Recent Proposals - HALHF

HALHF: a hybrid, asymmetric collider concept

Solving the plasma positron problem by accelerating positron with RF linacs.

Facility length: ~3.3 km
Turn-around loops

Pasitron Damping rings ‘ (31 GeV e*/drivers)
source (3 GeV) Driver source, _
Interaction point RF linac (5 GeV) 651 gF\}mi’?j ) Electron
(250 GeV c.0.m.) e* G 9 —233>1 ( eV ev/drivers) source
amm " — IF 2 DD DDDINDFDDIINFFIFIDIDIFFFIIINFIIDFY., e
L
=Ll
B deli ¢ RF linac
) ) eam-delivery system . : R
Beam-delivery system Positron transfer line (500 GeV ) {162123’2: a‘;?(':;ﬁ”;:”;g 0 (5 GeV e)
with turn-around loop (31 GeV e) ges, P g
(31 GeVeer) Scale: 500 m
Source:

Length dominated by the beam-delivery system. Cost dominated by the RF linac.

UNIVERSITY ; . . )
OF OSLO 27 May 2025 | Carl A. Lindstrem | 10 TeV collider monthly meeting Page 4




Recent Proposals - HALHF

An asymmetric collider: can it work?

Symmetric energies e More compact (PWFA for high-energy e-)
. ) . Less energy efficient (boosts products)
4 \ \t
et : - - .
Asymmetric energies € Improved energy efficiency
\’ 0.25x s ) s dx \(Iess charge at high energy)
et -
. Asymmetric charges e
\’ 2x E @ o5« ﬁ
g -
€ Asymmetric emittances €
Improved tolerances for PWFA \’ e . 16x
(Same geometric emittance at higher v >
energy = higher normalised emittance) +

UNIVERSITY
OF OSLO 27 May 2025 | Car A. Lindstrem | 10 TeV collider monthly meeting Page 3




Recent Proposals - HALHF

Lessons learned from HALHF

Cost of power dominates (not length)
Must design the plasma accelerator for the driver, not vice versa

Lower density is greatly favoured
Little need for gradients beyond 1 GV/m (for sub-TeV machines) |

Suppresses further beam ionisation of plasma

Requires high-charge beams (multi-nC)
Maximise the effective transformer ratio (transformer ratio x number of stages)
lon motion is required for transverse stability
HALHF bunch trains have the potential to heat plasma to O(100 keV) temps

The next key R&D issue will be plasma heating, cooling, and confinement I

8 OXFORD  19th Feb 2025 | R. D'Arcy, C.A Lindstrem | 10 TeV Plasma Linac WG Monthly Maeting




Recent Proposals - HALHF

. . Cost [MILCU|
Domain Sub-damain 250 GeV 380 GeV 550 GeV
Electron source (photocathode, polarized) 82 82 g2
Electron injector linac 22 22 22
Main-beam Positron source (helical undulator, polarized) 178 178 178
production Positron injector linac 3z 32 32
Positron transport 35 74 96
Positron damping rings (2x) 200 200 200
Electron source 10 10 10
ive-be Driver linac modules 113 173 254
Dr';:lz' o [ Driver linac RF 325 501 73]
production Frequency multiplication {combiner rings) 127 127 127
Driver transport (surface-to-underground) 24 25 26
[ Plasma modules 17 76 5|
Electron linac Interstage transport 30 37 44
(PWFA) Driver delay chicanes 90 120 155
Driver beam dumps 11 17 25
. . . . . Cool-copper linac modules 113 176 259
Cost estimation, to be compared with: Positron linac [Coclcome e RE o s =
(cool-copper RF) LN reliquification plants 34 53 78
Beam delivery and Electron beam delivery systems (2x) 158 194 234
° FCC -ee (~ 2 O B€) post collisian lines Positron beam delivery systems (2x) 53 65 78
(dual IPs) iinal f::;::}la::, ::xi!:mn;?:lenlal area ig ﬁ ig
° _ ~7_ ost collision lines/dumps
ILC C LI C ( 7 1 2 B€) Surface driver and complex 63 92 130
Surface-to-underground tunnel 3l 31 31
Civil engineering Electron arm tunnel 44 59 75
Positron arm and damping ring tunnels 54 77 106
Beam-delivery systems 164 201 243
Interaction region 154 154 154
Electrical distribution 104 125 130
Infrastructure and Survey and alignment 80 96 116
SETVICES | Cooling and ventilation 302 439 622 |
Transport / installation 24 29 35
. Safely systems 30 36 43
Mach]rluc c:?lt;ul, Machine control infrastructure 60 72 87
?ﬁwmﬁn Machine protection i 7 9
safety systems Access safety & control system 9 11 14
Total (in 2012 MILCU) 3162 4090 5275
) [X'" /s 25 Q 3 :I 98 8 Q Total (in 2024 Swiss [rancs) 3.8 BCHF 4.9 BCHF 6.3 BCHF



https://arxiv.org/abs/2503.19880

Recent Proposals — 10 TeV Wakefield Design Study

Response to 2023 Snowmass P5 Report
(analogue to ESPP in USA)

Recommendation 4: Support a comprehensive effort to develop the resourc-
es—theoretical, computational, and technological—essential to our 20-year
vision for the field. This includes an aggressive R&D program that, while
technologically challenging, could yield revolutionary accelerator designs
that chart a realistic path to a 10 TeV pCM collider.

Investing in the future of the field to fulfill this vision requires the following:

a. Support vigorous R&D toward a cost-effective 10 TeV pCM collider based on proton,
muon, or possible wakefield technologies, including an evaluation of options for US
siting of such a machine, with a goal of being ready to build major test facilities and
demonstrator facilities within the next 10 years (sections 3.2, 5.1, 6.5, and Recom-
mendation 6).




Recent Proposals — 10 TeV Wakefield Design Study

Response to 2023 Snowmass P5 Report
(analogue to ESPP in USA)

“Discovery machine” at 10 TeV c.o.m. competitive with
other technologies

Recommendation 4: Support a comprehensive effort to develop the resourc-
es—theoretical, computational, and technological—essential to our 20-year
vision for the field. This includes an aggressive R&D program that, while
technologically challenging, could yield revolutionary accelerator designs
that chart a realistic path to a 10 TeV pCM collider.

Investing in the future of the field to fulfill this vision requires the following:

a. Support vigorous R&D toward a cost-effective 10 TeV pCM collider based on proton,
muon, or possible wakefield technologies, including an evaluation of options for US
siting of such a machine, with a goal of being ready to build major test facilities and
demonstrator facilities within the next 10 years (sections 3.2, 5.1, 6.5, and Recom-
mendation 6).

energy integrated luminosity of “original” beam particles needed for 10 events
l be) T T T T
08 F7 : :
— e*e” round | Preliminary

] ere flat | pcoliderbenchmark ___// |

e e  round

— e e~ flat

10° F

L [pb]

10° F

10* ¢

1 " " 1 " i i 1 i i i i 1

1000 2000 3000 4000
MMy

L. Xu, T. Opferkuch, I. Savoray, C. Scherb, S. Chigusa, SK in progress




Recent Proposals — 10 TeV Wakefield Design Study

y Response to 2023 Snowmass P5 Report Recommendation 4: Support a comprehensive effort to develop the resourc-

(a na[ogue to ESPP in USA) es—theoretical, computational, and technological—essential to our 20-year
vision for the field. This includes an aggressive R&D program that, while
technologically challenging, could yield revolutionary accelerator designs
that chart a realistic path to a 10 TeV pCM collider.

e “Discove ry machine” at 10 TeV c.o.m. Competitive with Investing in the future of the field to fulfill this vision requires the following:
other tec hnologies a. Support vigorous R&D toward a cost-effective 10 TeV pCM collider based on proton,

muon, or possible wakefield technologies, including an evaluation of options for US
siting of such a machine, with a goal of being ready to build major test facilities and
demonstrator facilities within the next 10 years (sections 3.2, 5.1, 6.5, and Recom-
mendation 6).

* Goal: present an end-to-end design concept with

COﬂSIStent para mete rs ‘ energy integrated luminosity of “original” beam particles needed for 10 events
108 F— a 3 ' ]
— e*e” round | Preliminary
: 2 W o1 ete_flat | _______pcoliderbenchmark ___ //
Ongoing 1 year 2 year 3 year 4 year 10" F , E
e e round
>
. [|— e~ e flat
10° k E
Study organization. Unified study of Review tech options Collaboration on End-to-end design = »
SWFA/PWFA/LWFA for  and converge on designs and study report due = L
electron arm of linac accelerator concepts. self-consistent sometime in 2028. N ] “,'. o ]
parameters. 3
Solicit input from HEP ﬂntensify engagemenm Review options and L .
physicists on e’e’, e'e, | on “traditional systems” | ~converge on HEP Identification of required l
vy collisions. and begin work on collider type (€€, e, R&D and demo facilities 10* E 3
BDS, sources, etc
YY)
Provide community Intensify engagement 1()3 L =7 o
 input for the next ESPP, with HEP on detectors E . R [ N | TR | ]
March 2025 p
\ ) 1000 2000 3000 4000
Engagement beyond AAC :
g8 Y ALEGRO Workshop! 1®T v My
e , .
= Yo L. Xu, T. Opferkuch, I. Savoray, C. Scherb, S. Chigusa, SK in progress




Recent Proposals — 10 TeV Wakefield Design Study

* Response to 2023 Snowmass P5 Report

(analogue to ESPP in USA) e System integration and op_timi;ation
e Beam sources (incl. damping rings)
® Drivers
: : . : - Laser
* “Discovery machine” at 10 TeV c.o.m. competitive with _Beams - SWFA
other technologies - Beams - PWFA
¢ Linacs
- LWFA
* Goal: present an end-to-end design concept with - SWFA
consistent parameters - PWFA

e Beam delivery system

e Beam-beam interactions

e Beam diagnostics

¢ Machine-detector interface
e HEP detector

e HEP physics case

* Evaluating the best acceleration technique and
investigating new aspects as:
* beam-beam interaction

- e.g. flat or round beams? e Environmental impact
* environmentalimpact ¢ Simulations/computing/Al
* Beamdelivery system
« STAGING

L. . Contributions in any of these areas are welcome!
* Full-program cost = is it really competitive?



Recent Proposals — 10 TeV Wakefield Design Study

« Response to 2023 Snowmass P5 Report * Submitted a contribution to ESPP Update

(analogue to ESPP in USA)
* “Discovery machine” at 10 TeV c.o.m. competitive with 1
Ot he r te C h n OlO gl es Design Initiative for a 10 TeV pCM Wakefield Collider
https://arxiv.org/abs/2503.20214

« Goal: present an end-to-end design concept with 10TeV WFA indico page:
consistent parameters https://indico.slac.stanford.edu/category/138/

Advertised by Nature:

 Evaluating the best acceleration technique and https://www.nature.com/articles/d41586-025-01181-1
investigating new aspects as:
* beam-beam interaction nature
> e.g. flat or round beams? Explorscontent +  About thejoumal v ublishwithus +  Subscribe

e environmental impact e

* Beamdelivery system NEWS | 16 Apri 2025

« STAGING Radical approach to shrink particle

* Full-program cost - is it really competitive? colliders gains momentum
Plansaretakingoff o use anunconventional technique to accelerate particlesina
fucure colicer



https://arxiv.org/abs/2503.20214
https://indico.slac.stanford.edu/category/138/
https://www.nature.com/articles/d41586-025-01181-1
https://www.nature.com/articles/d41586-025-01181-1
https://www.nature.com/articles/d41586-025-01181-1
https://www.nature.com/articles/d41586-025-01181-1
https://www.nature.com/articles/d41586-025-01181-1
https://www.nature.com/articles/d41586-025-01181-1
https://www.nature.com/articles/d41586-025-01181-1

Recent Proposals — 10 TeV Wakefield Design Study

Starting working on the “details” to design areal machine:

e.g. energy loss due to synchrotron radiation in chicanes between each stage
- Reducing the effective gradient (energy / full length of the linac)

—> Length of optics increases with energy

/ Optics: Lo X +\/y

A
A 4

period

- Lower B field for longer optics
= Wesr quickly goes <0.5GV/m if length of optics
is increased

5 GV/minplasma

1.2

Werr [GV/M]
o o o =
2 »® ©

o
N

o
o

BIT]

«——— Length at first stage



Position (mm)

Summary

 Plasma Wakefield Acceleration is a vibrant research field

Dispersion (mm)

-18 -16 -14 -12 -10 -8
-4 a N B
Energy gain

N i Driver 50 150 250
-2 Scalloping of the beam _ Counts

5 E 4r Witness
g s '

4 = 2L

1

82 84 86 88 90 92

Energy (MeV)

* Long promised revolutionary applications

* Timeto deliver!
e Single-stage: FEL (EuUPRAXIA)
* Multi-stage: fixed target, SFQED, colliders
* Lots of physicsto investigate along the way

- - N
o o o

Beam size in object plane, rms (pm)
o

Beam size on screen, rms (um)

Plasma cell - >
a
T T T T
Plasma cell extracted (incoming beam): [P 2.85 + 0.07 mm mrad
- Plasma cell inserted (outgoing beam): ¢, = 2.80 + 0.09 mm mrad
Evolution throughout the plasma cell (particle-in-cell simulation)
L L s L
50 0 50 100

Longitudinal position, object plane (mm)

Surfape-to-underground Dalay Driver AF linac Diriver Bourcs
fransfer ine (5% slope) loop A Gal e, & MV, 1 GHZ) @ n)
——— —— g
JEF r
-
Eﬁ:"rg' AF linac Plasmus-aeteleralir Frac Haiizal ?i“ﬁﬁ RFnac ::;:ﬁ!;a GEU:I';:;‘-:T:&. . Dualisraction points da?ﬁzwmm
i o 7 i i i " T i v P - " i
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Liguid nitrogen plants
(2.5 MW at T7T°K]

Cosd-coppar AF linae
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Damgirg
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ALEGRO Workshop 2026

* The ALEGRO (Advanced LinEar collider study GROup) Workshop gathers the
advanced and novel accelerator community and reflects the global ambition
towards ultra-high energy colliders driven by wakefield acceleration technology,

while also seeking engagement from HEP Theorists and Experimentalists.

* We will host the next iteration at LNF in 2026!
https://agenda.infn.it/event/47329/

ALEGRO 2026

* Presentations and discussions on:
* Beam Physics
* Collider Physics Case
* QOther applications
e etc..

* You are all invited!

ALEGRO Workshop



https://agenda.infn.it/event/47329/

Thank you for listening!
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List of not mentioned issues

Instabilities

Jitter

Tolerances

Rep rate

Heat resistance plasma sources (plasma generation + beam power deposition)



PWFA — Non-linear Regime

* When the electric field of the bunch is strong enough to expel ALL plasma electrons Req uirement:
- BUBBLE of plasma electrons around a column of pure ions nb > npe

3 [ ' T T
LA TR g ; .
Ay e s \Y o |
E3 F‘_v,~ ' ?) \) 4 E L i
} A |' \ » -_l\-~ z . i o 2 !
LR P A W ANMATHILA T i L R A LAY S ]
RO S ) MR .'.l-'-'.'t'i'\".‘-,‘lw\‘iﬂ ' » n |
> [UEE N S b |
} SR Y TtV 101011 - os 1 & ] |
B o ettt x° = Z - . |
¥ A T AL S A A ~ - . i . i
R = - ; : i
' $..'}‘: L) } e . |
.? ; 0 : - — - I
o -
5 20 2 8 ‘ S— .
k2 ey = . o — f"ﬁ !
s : |
. W
= (a) L

d bt et b e ettiene bt

—
ky$

-3 0

Along ¢:
* Periodic ’Steepened’ accelerating field
* Uniform focusing field
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PWFA — Non-linear Regime

* When the electric field of the bunch is strong enough to expel ALL plasma electrons Req uirement:
—> BUBBLE of plasma electrons around a column of pure ions ng, > npe
3 r d | T T ¥
18 e T ] e o S _
3 P
1 E N T _ o o Eo 2 ‘:
E \ ;'“ ! n
0.5 Z £ _ b

=]
-"“-H\‘.-“'
Ilf' ;':
)/
I/
/
[Tl
N

e T ——. .. ——.. T S T o BT A

8 . : - |
E ’ ;X \ :h 0 ‘: h‘-\-\m-\_\_ I e
0.5 W o — f No [ R\\__ﬁ
S —~ e I e
1k s v |
E (b | (0 WJ_
B R T e e SRS .2 PP TN S U QRN PPN 1YY SRS ORTY T LA | 2 SN O e ] PR
0 0.5 1 1.5 2 2.5 o® ed 0 3 I3 9
kT k¢
Along r (behind the bunch):
* Uniform accelerating field =» uniform acceleration Along:
« Linear focusing force = possible emittance preservation * Periodic ’Steepened” accelerating field

* Uniform focusing field
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PWFA — Beam Loading

= BEAM LOADING:
The presence of the witness bunch affects the wakefields

Non-linearregime
Linear regime |
PRL 101, 145002 (2008) PHYSICAL REVIEW LETTERS 4 OCTOBER 308
2 . . ; 5
D Bunch 810 Beam Loading in the Nonlinear Regime of Plasma-Based Acceleration
a) 2 T 8x10° 1 | 2 2 LT 3 .4 4 ook
1+ /\ 1 4x10° d) Zoom M. Tzoufras, W. Lu, F. 5. Tsung,” C. Huang,” W.B. Mori," T. Katsouleas,” J. Vieira,” R. A. Fonseca,” and L. O. Silva
. /
0 5 A
1 . 1t AE, | ax10° 6
b -4x10 ! B o knr
7 y Ry o~ -4
-2 = - <
b) W Bunch s N7 . h
1! A { ax10° g0 “3‘5 &
“"_"Q —
’ \//\‘ ° 0 - 0
1 4105 -1} Flattened 1 -4x10°
Wakefield eE
r4
-2 _—
) D+W Bunch i mcao),
T 1 4x10° 2 ‘ B0 =
£ \ / " 0.003 0.004 0.005 > . 0
=3 [}
_E 0 / 0 _S‘ Z {m} % A
K] / 3 P
=2 -1t 1 -4x10° ;
2 . . -8x10°
-0.002 0 0.002 0.004 0.006 .
2 i (P. Muggli, CAS 2014)

The bubble closes later
The point is: compromise on accelerating gradient = smaller energy spread = beam quality
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Il. Non-linear Regime — Beam Loading

Particle Accelerators, 1987, Vol. 22, pp. 81-99
Photocopying permitted by license only

9 B E AM LO AD I N G . © 1987 Gordon and Breach Science Publishers, Inc.

Printed in the United States of America
The presence of the witness bunch affects the wakefields
BEAM LOADING IN PLASMA ACCELERATORS

Linear regime
T. KATSOULEAS, S. WILKS, P. CHEN,} J. M. DAWSON and J. J. SU

5 Department of Physics, University of California, Los Angeles, CA 90024
T 5
a) D Bunch 8x10
- 5 - —r —
1} | ax10° 2 d) Zoom 810 () (c)
/ A Beom d
0 0 JP&E — b
L | 5 L Lo ]
af 410" 1 | | { ax10
-2 : - : "'ué'? II m
b) W Bunch 3 ~ =
1! A 1 ax10° E 0 ‘“§~ 2 |
Q L .
0 /-\\ 0 < ‘ \ 5 8 8 -8 8
9 410" -17 Flattened 1 -4x10° L ( T . Ed)
Wakefield 3 / \
-2
D+W Bunch
— c) 2 s -8x10°
£ 17 /}R 4x10° 0.003  0.004  0.005
c \ / Nm . - .
s 0 fHo 2 z (m)
& / 3
20 1 -4x10°
= . . -8x10° 9 8.8 8
-0.002 0 0.002 0.004 0.006 . kot kot
2 i (P. Muggli, CAS 2014) | ° . o |
* Triangular/trapezoidal shape gives constant field

* Short Gaussian placed at the right phase can work 78



Ob. Beam Physics

* Relativistic particle bunches:
* Propagate atv,~C
* Not affected by index of refraction
* Large inertia (ym >>m)

https://arxiv.org/pdf/2007.04102.pdf
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https://arxiv.org/pdf/2007.04102.pdf

Ob. Beam Physics

Rest frame Lab frame
* Relativistic particle bunches: (a) A (b)
* Propagate atv,~C \
« Not affected by index of refraction \
* Large inertia (ym >>m) q .
* InLab frame, space-charge electric field is almost purely v
transverse:
— 1 e 7
Eq

https://arxiv.org/pdf/2007.04102.pdf
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https://arxiv.org/pdf/2007.04102.pdf

Ob. Beam Physics

Rest frame Lab frame

* Relativistic particle bunches: (a) A (b)

* Propagate atv,~C

« Not affected by index of refraction \

* Large inertia (ym >>m) : q
* InLab frame, space-charge electric field is almost purely \

transverse:
» Effectively sets in motion the plasma electrons 1 o 7

* Propagation of the beam distribution is dominated
by the emittance (at high energies)

2
17 €Erms

(0} =

o(z) = \/(00 + ag(z — ZO))Z + Eg’gs (z — zp)?.

o)
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EuPRAXIA@SPARC_LAB

Radiation Unit PWFA Full
Parameter X-band
Wavelength nm 3-5 4
Pulse length fs 10.0 -
(fwhm)

Photons per x 1012 0.1- 0.25 1
Pulse

Photon % 0.1 0.5
Bandwidth

Undulator Area m 26

Length

p(1D/3D) x 1073 1 1
Photon (s mmzmradz) 1-2 X 1 x 1027
Brilliance per bw(0.1%) 1028

shot

Bold values indicate the main working point

Ul Electron Beam Unit PWEA Full
Parameter X-band

Electron Energy GeV 1-1.2 1.2
Bunch Charge pC 30-50 200-500
Peak Current kA ~ 2.2 1-2
RMS Energy % <1 01
Spread

RMS Bunch Length Um 3-6 24-20
RMS norm. um 0.7-1.2 1
Emittance

Slice Energy % <0.05 <0.05
Spread

Slice norm mm-mrad 0.5-0.8 0.5
Emittance

Energy jitter % <1 0.1




Application Area

Renewable Energy

Warm Dense Matter
(WDM)

Battery Technology

Structural Biology

Health &
Radiobiology

Atmospheric
Chemistry

Astrochemistry

Scientific Focus

e Charge transport in solar cells &

catalysts
® Photocatalytic H, production
* PFAS/PCIAS analysis

e Extreme temperature/density
e Astrophysics & fusion

* lon migration & interfaces
e Solid-state battery study

e Live-cell imaging
e Cellular processes (stress, DNA
damage)

e DNA damage by radiation

¢ VOC/NOx oxidation
e Aerosol dynamics

e Radiation chemistry in space
e Organic molecule formation

Courtesy F. Stellato

Techniques

XAS, XES, PI-MS

Time-resolved
XAS, TR-XES

XAS, non-linear
X-ray
spectroscopy

CDlI, XAS, CEl

X-ray pump—
probe, photo-
fragmentation

PI-MS, ion
spectroscopy

XAS,
photochemistry

Atomicscale  Particlescale  Electrode scale  Cell scalc Module scale  System scale

Key Impact

e Efficient solar materials
* Clean hydrogen production
e Environmental remediation

| — Carbon cross-section
—— Oxygen cross-section

e Stellar/planetary modeling
* Fusion research support

cross section (au)
Y T

e Safer, longer-life batteries
e High energy density

* Real-time biomolecular studies
* Disease mechanism insight

e Radioprotection
e Cancer treatment
improvement o

1,000 nm

Tiea
N "

¢ Pollution models
¢ Climate studies

5.0 x 10° photons

e Space molecular evolution




Electrical loads kVA

MagnecPSU

Laser 150

Experimental users 300

Backup chiller for cooling

HVAC 550
Lighting

General purpose power

Tot power demand

Table 1.7: EuPRAXIA @SPARC_LAB Building Level 1 main halls interior finishes

Courtesy M. Del Franco
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