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“UPRA A Why beam driven?

* 5Kk
Horizon 2020

Beam/Plasma wave dephasing is negligible,

Driver/Witness energy transfer efficiency ~20%,

- Timing and synchronization are rather mitigated issues (D/W from the
same source),

- State of the art RF electron linacs can achieve repetition rates as high
as GHz in pulsed mode in NC linacs or MHz even in CW operation in SC
linacs,

- Compact and cheap.....

Many existing conventional electron linacs in research laboratories
and universities can benefit of a PWFA booster (ex: XFEL, Swiss_FEL,
ILC)



- .PRA,(A Critical issues

* p *
Horizon 2020

e generation of ultralow emittance and energy spread,

 damping of instabilities, ex: hose instability, head
erosion

* development of optimized plasma module
e optimization of the driving beams.
e Staging



“PRALA Long term impact on LC

Horizon 2020

CLIC-like Linear Collider schemes from the Higgs energy
up to TeV range

RF gun Dnve beam accelerator

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



— A. Aschikhin et al., NIM A 806, 175 (2016)

FLASHFORWARD»*»
FUTURE-ORIENTED WAKEFIELD ACCELERATOR RESEARCH AND DEVELOPMENT AT FLASH

> a next-generation experiment for beam-driven plasma wakefield accelerator research

X%

1.2 GEV BEAMS
FROM FLASH

> FLASH superconducting accelerator front-end
based on ILC/XFEL technology. Typical beam parameters:

= 1.25 GeV energy with 500 pC, ~100 fs rms bunch duration,
~2 pm trans. norm. emittance
> unique FLASH facility features for PWFA
- differentially pumped, windowless plasma source

- 3 harmonic cavity for phase-space linearization
— shaping of beam current profile

= 2019: X-band deflector of 1 fs resolution post-plasma
(collaboration with FLASH 2, SINBAD, CERN & PSI) ﬁ

- future: up to 800 bunches (~MHz spacmg)
macro-pulse rate, few 10 kW average po

electron beamline
enabling first experiments, summer 2018
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EGPRA}}/ JA Possible EUPRAXIA Beam Driven layout

Horizon 2020

PWFA up to 5 GeV | RF gun &
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;CPRA/éA FEL Electron Beam Requirements

Horizon 2020

Electron beam parameters at the undulator
Quantity Symbol [Unit of Meas.] Target parameters
Energy E [GeV] 1-5
Charge Q [pC] 30
Bunch length (FWHM) trwnam [fS] 10
Peak current | [KA] 3

Repetition rate f [Hz] 10
# of bunches N 1

Transverse Norm. emittance ESESSc R nliRnel] <1

Total energy spread OE / E [%] 1

Slice Norm. emittance En,xsEn,y [mm mrad] <<1

Slice energy spread ops/E [%] ~0.1
Slice length Lsiice [/M] 0.75-0.12

P. A. Walker (DESY) - IPAC 2017 - Copenhagen, 16th May 2017 8
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Generation of mulu-bunch trains

Sub-relativistic electrons ( 3. < 1) injected into a traveling wave cavity at zero crossing move more
slowly than the RF wave (8rF ~ 1). The electron bunch slips back to an accelerating phase and

becomes simultaneously accelerated and compressed.

0.2
End of drift 1 Compression region
< 01 —
2 " z —
-
< 00 \\ b = 0
g = —
< 1 \ 4 S
0.2
2 -1 0 | 2 -1 0.5 0 0.5 1
Time (ps) Time (ps)

‘ o 4 | Maximum compression
EEEEEEEENy = i,
. [}
20
[S4]
L J ——
2 EEEEEEEEER® }Q_]
Comb-like laser ‘ Sl S3
A
~ 10 S * -1 0.5 0 0.5
3 Laser Pulse Train ‘ = Time (Db)
—'_;j veIOCity bunching _ 1 . Over-compression region
‘g 05 | loctrom Banch from RE imgecioe > \.‘
=y Enitiah volociey f = 01994 (e V 3
£ ~7 2
< —
(83}
<

00

0 2 4 6

P \ 1*
-1 .5 0 0.5 |

B Tl V) Time (ps)

Time (ps)




2.0 20

o, = 0.25 mm ar, = 0.30 mm

1.5¢

KA]

lsllce [

20

13

1.0

Islice [kA]

o, =0.35 mm|

Parameter Unit Witness | Driver
Charge pC 30 200
Energy MeV 101.5 | 103.2
RMS energy spread % 0.15 0.67
RMS bunch length fs 12 20
RMS norm. emittance | mm mrad | 0.69 1.95
Rep. rate Hz 10 10

t [ps]

Table 7.2: Driver and witness beam parameters at the end of photo-injector.



WR-90 total length
[mm]
WC-50 circular wg

3674

Preliminary layout of the RF module (collaboration with CERN): length [mm]
8 structures, 1 SLED, 1 or 2 Klystrons per module. WR-90 loss [dB] 0.368
WC-50 loss [dB] -0.0456
Estimated waveguide attenuation ., oss [dB] 0414

(including circular waveguide): 10%  total loss [%] -9.09




MODULATOR HALL KLYSTRON 2

KLYSTRON 1

KLYSTRON
MODE CONVERTER

CIRCULAR WAVEGUIDE CIRCULAR WAVEGUIDE

MODE CONVERTER MODE CONVERTER

MODE CONVERTER

SLED SLED

LINAC HALL

1 klystron x LINAC Module k\\ 2 klystrons x LII‘&“AC Module
total active length L, \\ 16 m \\\
Number of sections N \‘32 (4 modules x 8 sections) \\\
available RF power 50 M\WS@kIystron output coupler) \\
40 MW (@ section input couplers) Y
PWFA final energy 1 GeV \\\ 5 GeV ,>,5\G&V\
linac energy gain AW, .. 480 MeV I/\/910 Me\7\\ ,’1280 MeV\\
average acc gradient <E,_> 30 MV/m l‘ 57 MV/m I‘ " 80 MV/m ,‘
total required RF power Pyc 44 MW \\158 MW/ \3\10 MVl/,'
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PWEFA vacuum chamber at SPARC LAB




W Plasma module

This scheme can be reproduced for tens-of-centimetre capillaries. This single unit can be
integrated simply by adding more units obtaining up to tens of centimetre capillaries
homogenously ionized and controlled independently one to each other, Ieading to the
desired length of plasma (almost 30 cm) with the proper density (1017 cm-3) required for
this prOJect. TRIGGER PULSE  H, TRIGGER PULSE ~ H, TRIGGER PULSE ~ H,
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Driver SQE
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Figure 4.5: Start to end simulation results for the trailing bunch for the PWFA case: evolution along
the injector of the energy (E red line) and energy spread (AE/E red dotted-line) and longitudinal
bunch length (o, blue line).

RF gun

| ‘A RF cavities
‘

‘-1‘_ Quadrupoles

|=— Dipoles
|
\

|T—Plasma stage

Energy (MeV)
wur o) - ® ©
S S =) S S
S S =) S S
1 1 1 1 1

[mm mrad]




Plasma Exit: Rolling Slice analysis
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Figure 7.12: Rolling slice analysis for the witness bunch at plasma input, dashed line, and at plasma
exits, solid line. The top panel report the emittance in both transverse plane and the current. The

bottom panel plots the energy spread together with the current. The corresponding current axis is
the left y axis.




Driver-IN | Driver-OUT | Witness-IN | Witness-OUT

200 200 30 30
8 6.4 1.47 1.42
3.1 10 3.17 1.4
52 50 3.85 3.8
4.1 0.6 0.96
4.8 0.55 1.2
0.2 20 0.07 1.1
375 1030

Best Slice
current 2 2.0
0.59 0.57
0.58 0.62
% 0.011 0.034

Table 7.3: PWFA bunch parameters at plasma entrance and at plasma exit. The best slice value is
also reported.




Layout of the extraction system

© Driver
PWEA 5¢m . 20 cm 20 cm | Witness
#Lens 1 \ I \ O
Lens 2 Lens 3

sJ

10 cm 5cm

« Downstream the plasma accelerator a system of 3 plasma lenses is used

- Capture and matching of witness bunch, avoiding emittance degradation due to its large
angular divergence @ acceleration capillary exit
- Destroy the driver bunch

« 1% plasma lens contains the witness widening and overfocuses the driver.
- 200 um radius to keep the witness emittance (avoid nonlinear focusing)

» 2" and 3" plasma lenses transport the witness while acting as collimators
for the driver.
- 100 um radius to destroy as much as possible the driver particles

R. Pompili

Plasma-based extraction system
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FEL Simulations (Genesis)
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Figure 7.18: Particle driven acceleration: (a) Radiation growth along the undulator coordinate z(m).
(b): Contour plot of the power P in the plane (s,z). (c) Power and (d) spectrum of the radiation at

30 m.




Full RF case

LWFA case

PWFA case

Electron Energy

1

1

1

RMS Energy Spread

%

0.05

2:3

1.1

Peak Current

1.79

2.26

2.0

Bunch Charge

pC

200

30

30

RMS Bunch Length

um (fs)

16.7 (55.6)

2.14(7.1)

3.82(12.7)

RMS normalized
Emittance

mm mrad

0.5

0.47

1.1

Slice Length

um

1.66

0.5

1.2

Slice Charge

pC

6.67

18.7

8

Slice Energy Spread

%

0.02

0.03

0.034

Slice normalized
Emittance (x/y)

mm mrad

0.35/0.24

0.45/0.465

0.57/0.615

Undulator Period

15

15

15

Undulator Strength K (a,,)

0.978 (0.7)

1.13(0.8)

1.13 (0.8)

Undulator Length

m

30

30

30

Pierce parameter p
(1D/3D)

%1073

1.55/1.38

2/1.68

2.5/1.8

Radiation Wavelength

nm (keV)

2.87(0.43)

2.8 (0.44)

2.98 (0.42)

Photon Energy

ul

177

40

6.5

Photon per pulse

x 1010

255

43

10

Photon Bandwidth

%

0.46

04

0.9

Photon RMS Transverse
Size

um

200

145

10

Photon Brilliance per shot

(s mm? mrad?
bw(0.1%))~!

1.4 x107

1.7 x107

0.8 x 107

Table 4.1: Beam parameters from start-to-end simulations for full RF and for plasma wakefield
acceleration cases with electron (PWFA) or laser (LWFA) driver beam




Towards 5 GeV
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A Driver parameters choice —W——

kyor K 1 Efficient nonlinear wake excitation

i, = 2.5- 16%cm+

y = 2348

_ m En(xy) — 1mm mrad
Transverse matching condition
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For the single bunch we
choiced Q inorderthat Q =1

We arranged the charges of the 3 drivers in order to
mantain the accelerating field and to have the same
maximum decelerating field acting on every driver

Quor = 40 + 140 + 270pC

With this 3 bunch scheme we have
E, max = 3.3GV/m and Ry = 8
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Withess:

Triangular shape
3 kA peak current

Length 16pum (3.8 rms)

Emittance 0.7 um

The high current of witness slightly decreases the

accelerating field and the transformer ratio of a factor
2

With this 3 bunch scheme we have E, ;,,,, = 1.5GV/m
and Ry =3.25

Final Final energy with the S-band inj. + X-band
configuration Eg,, = 5.1 GeV

Expected energy spread o < 1%
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Witness evolution (20 cm)
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PWFA Cost estimate =5 GeVp"

S-band Injector 4,000
4 X-band Linac modules 11,000
Beam diagnostics 1,500
LLRF & Synch. 1,400
Control System 600
Total RF Linac

Plasma module and diagnostics

Plasma beam line

Total plasma module




Thank for your attention




