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Plasma Wakefield Acceleration -Linear

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

2. Positively charged region behind
the bunch head
- restoring force

. Oscillation of plasma e” with wy,
—> periodic density variation
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Plasma Wakefield Acceleration - Linear
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* Let’s take a plasma with density ng,
* Let’s take a relativistic charged bunch (e.g. &) with density n,<<n, 1. Transverse E field expels plasma
electrons

2. Positively charged region behind
the bunch head
- restoring force
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Linear regime: trajectory of plasma electrons DO NOT cross each other: PERTURBATION!!
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* Accelerating field not uniform along the bubble

= - Energy spread increasing upon acceleration
o
c
;Q * Solution: “loading” the wake with the presence of the
0 witness bunch itself

(non-linear regime)

Uniform accelerating field within the witness bunch
M. Tzoufras et al., PRL 101, 145002 (2008) 9
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=>lon column provides linear focusing force 2.5+

e o

b2 c

Radial electric field: E.(r) = QZpe r X O'Om O T
5

0

(Gauss’ law on cylinder of ions) - 2.5 :
-20
62
- Plugitin envelope equation: g;' (z) + 0,(2) (K — 4(Z)> 0
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* Injectionatwaist: a(z=0) =0 5

Note: the matching condition is given by !
- Stronger focusing required for higher density
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(L. Verra et al 2020 J. Phys.: Conf. Ser. 1596 012007) 10



Plasma Wakefield Acceleration — Results

Energy Spread Preservation
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Emittance Preservation
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PWFA- Energy Gain
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* The maximum netenergy gain of the withess bunch is in general limited to:

AE ~ 2 X Ed
(and for energy conservation Qy/AEy, < QpAE)p)

e.g: 1 GeVdrive bunch drives 1 GV/m accelerating field
- Depleted after 2m (500MV/m decelerating field)
- Maximum energy gain of witness: 2GeV

To reach VERY high energy (e.g. 5 TeV):

* One highly energetic driver to accelerate witness
in a single stage (afterburner):

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

540 klystrons
20 MW, 148 ps | | |

drive beam accelerator
2.4 GeV, 1.0 GHz

| Drive Beam

2.5km
delay loop »

2.75 km
e~ main linac, 12 GHz, 72/100 MV/m, 21 km

1000 A

500 4

E; [MV/m]
o

—500 4

—1000 -

-20 -15 -10 -05 00 05
Ape

Many low-energy (cheaper) drivers in multiple stages
Using e.g. 30 GeV drive bunches (requiring a > 300 m-long linac)
- AE <60 GeV (R<2 for single symmetric driver)

- Need > 83 stages

Wake-field modules Gamma converter and Detector

Y Beam distribution network
(rf kickers)

Heavily Beam-loaded Electron Linac

Compressor

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

Rf photoinjector




PWFA- Staging

* The most outstanding challenge in PWFA:

Bend
magnet
650 MHz
D1 rf kicker
Q. '-p ~r .
W D2

J. Rosenzweig et al., NIM A 410 (1998) 532—543



PWFA- Staging

stituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati
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\aPlasma section
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3-18 MeV
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45 MeVanalyzer
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* The most outstanding challenge in PWFA:

72 MeVanalyzer

Bend
magnet

\aPlasma section

Quadrupoles 3-18 MeV -
650 MHz 3-18 MeV beam dump i
D1 rf kicker beam dump G A
45 MeVanalyzer 45 MeVanalyzer
o4 —H

W p2

J. Rosenzweig et al., NIM A 410 (1998) 532—543

In each of them:

* Injectthedriver bunch

* |njectand matchthe 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
SSSSSSSY ) source
- - [$5555555555555555555555555555555555555555 ) e

RF linac

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

From HALHF design
Foster et al 2023 New J. Phys. 25 093037

In each of them:

* Injectthedriver bunch

* |njectand matchthe witness 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 manytime as needed to reach the target
energy
- Preserve the beam quality all along



Witness bunch injection - extraction

* Witness leaves the plasma at waist with new = B, Vexit)
- Same as needed in the following stage

=» The interstage optics must deliver the witness with 1:1 magnification

Ideally: L=p L=F

A
v
A
v

(thin lens, no energy spread)

f=p

18



Witness bunch injection - extraction
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N

Chosen an optical system, it will scale as+/y along the linac
—>need to keep short to maintain effective gradient

19



Witness bunch injection - extraction
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18t coupling - E =60 GeV Last coupling= 4.94 TeV
2.00 ; ; 2.00 ; ;
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Chosen an optical system, it will scale as+/y along the linac
—>need to keep short to maintain effective gradient

- Work backwards: what is the length of the last IN/OUT coupling?
- This defines the gradient needed in the PWFA 20



Witness bunch - chromaticity
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Another reality layer:
 Bunch leaves the plasma with large divergence

(short ) and finite (%level) energy spread §E
3
 Single-lens device is subject to strong chromaticity 8
- Energy slices are focused differently §
Ae? 417 <
Bl :
0 0.5 1 1.5 2
= Need to compensate for chromaticity Longitudinal distance (m)
200 : . : g

Chromatic amplitude
<. Projected emittance

Chrom. amplitude, W
3

0 . 1 1 1 ()
0 0.5 1 1.5 2

Longitudinal distance (m)
Lindstrem, PRAB 24, 014801 (2021)
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Witness bunch - chromaticity
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Another reality layer:
 Bunch leaves the plasma with large divergence
(short ) and finite (%level) energy spread

e Single-lens device is subject to strong chromaticity
- Energy slices are focused differently

Ae? 412 5
2 2
€ m

= Need to compensate for chromaticity
=>» Possible solutions:
* Apochromatic system

* Local chromaticity correction
(Final focus linear colliders)

V& 1

4.0
3.5}
3.0f
2.5¢
2.0
1.5F
1.0

Laboratori Nazionali di Frascati

C. A. Lindstregm and E. Adli, PRAB 19, 071002 (2016)

— By, 6=-3%
By,6=0

—— /B, 6=43%

........ B, 6=-3%
B,,6=0

-------- B, 6=+3%

/;nd\\
SERERy P A X
S S SFl V SDl A IP

Final R

Doublet /_R\\
N

AV2

D2
Mp R

P. Raimondi and A. Seryi, PRL 86, 3779 (2001)
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Witness bunch - chromaticity
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Another reality layer:
 Bunch leaves the plasma with large divergence
(short ) and finite (%level) energy spread

e Single-lens device is subject to strong chromaticity
- Energy slices are focused differently

Ae? 412 5
2 2
€ m

= Need to compensate for chromaticity
=>» Possible solutions:
* Apochromatic system

* Local chromaticity correction
(Final focus linear colliders)

Increasing number of elements, length, complexity

V& 1

4.0
3.5}
3.0f
2.5¢
2.0
1.5F
1.0

Laboratori Nazionali di Frascati

C. A. Lindstregm and E. Adli, PRAB 19, 071002 (2016)

— By, 6=-3%
By,6=0

—— /B, 6=43%

........ B, 6=-3%
B,,6=0

-------- B, 6=+3%

/—\ Doublet /—K
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F2
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D2
Mp R

P. Raimondi and A. Seryi, PRL 86, 3779 (2001)
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Witness bunch - chromaticity
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Another reality layer: JB /i C. A. Lindstrem and E. Adli, PRAB 19, 071002 (2016)
 Bunch leaves the plasma with large divergence 4.0
. . ’ —_— e, 0=-3%
(short ) and finite (%level) energy spread 35 g
) B, 6=0
3.0}
—— By, 6=+3%
. .. . .. 2.5¢ .
* Single-lens device is subject to strong chromaticity Y A U A U By.6=-3%
- Energy slices are focused differently ' B,.6=0
Ae I A 7 N B, . 6= +3%
— = —-0} 1.0
€ m 0 s/m

= Need to compensate for chromaticity
=>» Possible solutions:

* Apochromatic system Final R

/—\ Doublet
« Local chromaticity correction Bend /\ ﬁ
(Final focus linear colliders) AQH_H_O.‘%‘_. OX ‘V X
F2 MD RF

P. Raimondi and A. Seryi, PRL 86, 3779 (2001)

Increasing number of elements, length, complexity

- Still to inject the drivers..

24



Driver bunches in- and out-coupling

- Separation with dipoles
-> A = Becl? (

1_1

w

Ep

) : separation and max B field gives the length of the magnet

i 1
S @
S 5
5 2
Length of 1-T dipole to obtain 1-cm offset between spent driver and witness
1.20- Z/ \l .
1.15-
E
— 1.10
If equal dipole is used for injection
1.051 - atleast 2 m between stage
1.00_ | | | | |
0O 1000 2000 3000 4000 5000

E [GeV]
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Driver bunches in- and out-coupling

- Separation with dipoles
-> A = Becl? (Ei — Ei) : separation and max B field gives the length of the magnet
w D
- Septum-like dipole to bend the spent driver even further (similar to extraction in rings)

Length of 1-T dipole to obtain 1-cm offset between spent driver and witness

Extracted beam
1.20
Septum magnet
Homogeneous
E Field free region
— 1.10] e
If equal dipole is used for injection Circulating
1.05- - atleast 2 m between stage beam
1.00_ | | | i i Closed orbit bumpers
0O 1000 2000 3000 4000 5000
E [GeV]

Adapted from : M.J. Barnes et al, arXiv:1103.1062
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Driver bunches in- and out-coupling

- Separation with dipoles
-> A = Becl? ( !

w ED

Once dispersionis introduced
- Emittance growth

Aep ~ (Bm+'8m )0§

- Need to carefully cancel dispersion to avoid over-budget growth

- Synchrotron Radiation

L BIT] '\’
671'80'83 Lm ]<3.3pc[GeV]>

) separation and max B field gives the length of the magnet
- Septum-like dipole to bend the spent driver even further (similar to extraction in rings)

\

=>» Average energy loss due to SR in dipole with length L and magnetic field B

> Chicane

E [GeV]

2000
0.8
1500 —
£
0.6
1000 O,
0.4 gw
500 1
0.2
—_—
0 T T
0 1000

2000 3000
Stage #

L. Verra et al., arXiv:2601.02272 (2026)



Summary of Main Challenges

Strong focusing

- Matchingin

—> Large divergence out
=>» Chromaticity

Dispersion
—> Emittance growth

In—and out-coupling of drivers
—>Driver distribution
- Driver disposal (radiation)

Alignment tolerances

Synchronization tolerances

Synchrotron radiation (both coherent and incoherent)

Effective gradient

stituto Nazionale di Fisica Nucleare E
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Fresh
Chicane bc am driver

Sextupole dipoles
beam driver dipoles
-
o T U P:,asma

-D-- Main dipole accelerator
I:" Nonlinear

plasma lens
Nonlinear

plasma lens

Depleted Chicane

Plasma Main dipole
accelerator

Compact driver distribution ~60 m average per chicane (2 stages)

Main beam

+2ns +2ns +2ns +2ns
PWFA +2 ns +2ns +2 ns Drivers

cell MMA _ —

+2ns +2ns 4+2 ns +2ns +2 ns 5 +2ns +2 ns 0.5 GHz
............................................................................ ) (or 1.5 GH2)

10 m of septum
~30 m of magnets

- . -
: ~0. offset . :
< 0.5T dipole magnets V :
10 m of fast kicker

11 degrees ast i
2 nsrise time

“Conventional” beam manipulation
with extreme parameters

28



EuPRAXIA@SPARC_LAB
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* Soft X-ray (~4nm) FEL based on Beam-Driven PWFA at INFN/Frascati

500 MeV 30 pC witness bunch boosted to 1 GeV in 60-cm-long discharge-plasma capillary

* Construction starting ~ end of 2026
* Installation starting ~2029
« Commissioning starting ~ 2030

User-oriented plasma-based FEL

g

Transition from experiment to “real”
accelerator
Building up from results and expertise from
SPARC

Working on some of the main issues for a
future wakefield linear collider
(e.g. matching-extraction, driver-witness
separation, etc..)

EuPRAXIA@SPARC_LAB TDR
https://doi.org/10.15161/oar.it/k57qz-5gk 29


https://doi.org/10.15161/oar.it/k57qz-5qk09
https://doi.org/10.15161/oar.it/k57qz-5qk09
https://doi.org/10.15161/oar.it/k57qz-5qk09

EuPRAXIA@SPARC_LAB

Plasma
chamber: 3.5 m

In-house R&D
and final design
of all
components

30
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EuPRAXIA - Possible Experiments
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Preserve witness beam quality after separation from driver in chicane and delivery to application

- included in Eupraxia’s goals (delivery to undulators)

EOS trace
D w

Plasma

M-M@

PMQ

Grating FEL spectrum

E Quadrupoles

" Dipole
Undulators
7Y [

102
$ Data
Fit »
10!+ — 4~ Simulation

100

Energy (nJ)

—
<

-t
<
N

—
S
w

2 3 4 5 6 7 8 9 10 11 12 13

SEEDED
10

80
90 (a)

780 800 820 840 860 780 800 820 840 860
Wavelength (nm) Wavelength (nm)

Galletti et al., PRL 129, 234801 (2022)
Pompili et al. Nature 605, 659-662 (2022)
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EuPRAXIA - Possible Experiments

Preserve witness beam quality after separation from driver in chicane and delivery to application
- included in Eupraxia’s goals (delivery to undulators)

Development of VERY FAST deflection system for driver bunch distribution
- Need to separate by 10’s mrad bunches with ~few ps separation

Option 1: RF kicker (benefit from experience with rings) with ~50 MV deflecting voltage and
rise/decay time<<ns

stituto Nazionale di Fisica Nucleare

Laboratori Nazionali di Frascati

Stripline kicker used in
the DAFNE transverse
feedback system. (

e

L\

Alesih\i et al., PR-STAB 13, 111002 (2010)



EuPRAXIA - Possible Experiments

1) Preserve witness beam quality after separation from driver in chicane and delivery to application
- included in Eupraxia’s goals (delivery to undulators)

2) Development of VERY FAST deflection system for driver bunch distribution
- Need to separate by 10’s mrad bunches with ~few ps separation

Option 1: RF kicker (benefit from experience with rings) with ~50 MV deflecting voltage and
rise/decay time<<ns

Option 2: Curved Discharge Plasma Capillary

1

(4
X (mm)
_ 0 =N

L ' With ABP ‘
’. Without ABP
0 2

- 6 8 10

- -_———
Y (mm)
Azimuthal magnetic field By, = £ Jy Jar'dr’

restoring force keeps bunch close to longitudinal axis Pompilietal., PRL 132, 215001 (2024)

b

* 3D-printed plastic discharge capillary 7
* Ry,=1.6m,L.=10cm 2ofected beamee. S
e [~1.6 kA, 20 kV e

* n,~25x10"cm?

Stripline kicker used in
the DAFNE transverse
feedback system. ) (

ﬂ_

Alesini et al., PR-STAB 13, 111002 (2010)

PHYSICAL
REVIEW
LLETTERS

24 May 2024




EuPRAXIA - Possible Experiments

Preserve witness beam quality after separation from driver in chicane and delivery to application
- included in Eupraxia’s goals (delivery to undulators)

Development of VERY FAST deflection system for driver bunch distribution
- Need to separate by 10’s mrad bunches with ~few ps separation

Option 1: RF kicker (benefit from experience with rings) with ~50 MV deflecting voltage and
rise/decay time<<ns

Option 2: Curved Discharge Plasma Capillary

Staging experiment(s) p|
asma

S-band Injector X-band Linac module
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Undulators




EuPRAXIA - Possible Experiments

Preserve witness beam quality after separation from driver in chicane and delivery to application
- included in Eupraxia’s goals (delivery to undulators)

Development of VERY FAST deflection system for driver bunch distribution
- Need to separate by 10’s mrad bunches with ~few ps separation

Option 1: RF kicker (benefit from experience with rings) with ~50 MV deflecting voltage and
rise/decay time<<ns

Option 2: Curved Discharge Plasma Capillary

Staging experiment(s)

Plasma

S-band Injector X-band Linac module
A
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Undulators




EuPRAXIA - Possible Experiments

Preserve witness beam quality after separation from driver in chicane and delivery to application
- included in Eupraxia’s goals (delivery to undulators)

Development of VERY FAST deflection system for driver bunch distribution
- Need to separate by 10’s mrad bunches with ~few ps separation

Option 1: RF kicker (benefit from experience with rings) with ~50 MV deflecting voltage and
rise/decay time<<ns

Option 2: Curved Discharge Plasma Capillary

Staging experiment(s)

_ Plasma
S-band Injector X-band Linac module
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Undulators




EuPRAXIA - Possible Experiments
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1) Preserve witness beam quality after separation from driver in chicane and delivery to application
- included in Eupraxia’s goals (delivery to undulators)

2) Development of VERY FAST deflection system for driver bunch distribution
- Need to separate by 10’s mrad bunches with ~few ps separation

Option 1: RF kicker (benefit from experience with rings) with ~50 MV deflecting voltage and
rise/decay time<<ns

Option 2: Curved Discharge Plasma Capillary

3) Staging experiment(s) |
asma

X-band Linac module Undulators

|

S-band Injector

[PC/mm: ps]
E [MeV]

L. Verra et al., Phys. Rev. E 112, 045205 (2025)



Conclusions
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+ Single-stage PWFA can provide high-gradient, high-quality acceleration d “otoced  © meened
A ' ' ' 40'PC ' ' . rIns.ert'ed
« Staging multiple plasmas to reach high energy is complicated due to the extreme beam | I 1
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https://agenda.infn.it/e/alegro2026
https://arxiv.org/abs/2503.20214
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Thank you!
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