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PRA (A Outline

Horizon 2020

 WP5 (E. Chiadroni, INFN and A. Chance, CEA)

- Electron beam design and optimization

* RFinjector (E. Chiadroni, INFN-LNF - Leader)

RF accelerator specifications and start-to-end simulations for external injection schemes
* Electron beam transfer lines (A. Chance, CEA - Co-leader)

Conventional transfer lines specifications up to the pilot application

« Electron beam diagnostics (A. Cianchi, Uni TOV - Rome)
 Connection to
- WP3: High Gradient Laser Plasma Accelerator Structure
- WP4: Laser Design and Optimization
- WP6: FEL Pilot Application
- WP7: High Energy Physics and Other Pilot Applications

- WP9: Alternative e-beam Driven Plasma Structure
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PrRA (iAElectron Beam Requirements

Horizon 2020

Among the various applications considered in EUPRAXIA, the hardest electron
beam requirements likely come from Free Electron Laser

Electron beam parameters at the undulator

Quantity Symbol [Unit of Meas.]

Energy E [GeV]

Target parameters

1-5

Charge Q [pC]

30

Bunch length (FWHM) trwhm [fS]

10

Peak current | [KA]

3

Repetition rate f [HZz]

10

# of bunches N

1

Transverse Norm. emittance R PRr eyl lnletel

<1

Total energy spread op/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
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Requirements at the
plasma entrance

- set the minimum
Injection energy
for not space
charge dominated
beam evolution
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PRA A Included Schemes

Horizon 2020

) A
1. Laser Plasma Accelerator (LPA) with _._ CWEA ACC _._._)
Internal lnjectlon e created & accelerated depleted
. e )\ o
2. LPA with external injection from Laser
. LPA '.'.— LWFA ACC. '.'.—>
Plasma Injector (LPI)
Q preserved & accelerated depleted

3. LPA with external injection from RF
injector RF '.'._ LWFA ACC.

Q preserved & accelerated depleted

¥2

4. Beam-driven Plasma Accelerator (BPA) AE
with external injection from RF injector RF -.-.- PWFA ACC.
e created & accelerated depleted

# Laser beam # Electron beam

‘ P. A. Walker et al., Horizon 2020 EuPRAXIA design study, J. Phys.: Conf. Ser. 874, 012029 (2017)
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PRA A Included Schemes

Horizon 2020

/A Y:

— 1 LWFAACC. 11—
0\ o

LPA 1 LWFAACC. 11—

'-------------------------------~

r 3. LPA with external injection from RF £\ ae \
' injector R HHH  wwraace. HH—> | ®
: Q preserved & accelerated depleted :
: 4. Beam-driven Plasma Accelerator (BPA) AE :
g With external injection from RF injector RF -.-.- PWFA ACC. -“—) 0
' e created & accelerated depleted q

\

~-------------------------------

# Laser beam # Electron beam

‘ P. A. Walker et al., Horizon 2020 EuPRAXIA design study, J. Phys.: Conf. Ser. 874, 012029 (2017)

E. Chiadroni (INFN-LNF) - EUPRAXIA Yearly meeting, 20 - 24 November 2017 5



PRA 1A

|. RF Injector
HIghlights



pra (A Hybrid Compression: Layout B8

Horizon 2020

ARES@SINBAD Photo-injector

 The RF injector is composed of
S-band photo-injector (ASTRA)

* Velocity bunching in the first S-band structure => compression factor ~ 19

| o End of linac ~ 250 MeV j
i

- Gunand 4.2-m-long traveling-wave structure More traveling-wave
solenoids with surrounding solenoids structures...
< ~ 29 m, Simulated by ASTRA S

Open-full-width 0.6 mm

) b h LA

) ~ 13 m, Simulated by IMPACT-T 3 em, 890 T/m
Quadrupole fipole magnet | Collimator M PMQ triplet plasma
magnet ‘

S-band linac to boost the beam up to ~250 MeV (ASTRA)
Magnetic compression in the chicane (IMPACT-T)

Focusing region to match the beam transversally at the plasma entrance (/IMPACT-T)

Courtesy of Jun Zhu (DESY)
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Energy (MeV) 242
Bunch charge (pC) 50
Bunch length [FWHM] (fs) ~400
Peak current (kA) ~0.12
Slices > 3 kA (um) \
Projected emittance [x/y] (um) 0.30/0.30
Slice emittance [x/y] (um) 0.30/0.30
B,/By (mm) \
Relative rms energy spread 0.0050
Slice rms energy spread 0.0006

480

il Soncory INNRENETL

| ﬁmatchinggn - O 476
I'Omatching = ~ -

N L I o, 474

472

470

Courtesy of Jun Zhu (DESY)
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ARES@SINBAD Photo-injector

. . : : : ‘.
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i 536
S-band SPARC-like X-band linac to boost the beam energy up Focusing E [MeV]
photoinjector to generate the to 500 MeV reducing the linac length r(iglon AE/E [%] 0.06
3kA e beam current (TSTEP) (Elegani) (ISTEP)
3 TW caviti 10 X-band cavities EM + PMQ ocatc- i (KA 27
+ 10 X- viti .
GUN cavities Triplets Q [pC] 20
Il B I N N E Ny
S R = wum pmmmmpm el m e ] [ ]| [0, um] 66
Y E E =EEE = =
e — = 30 m » | 0, rwhm [HM] ~3.3
g,y [mm mrad] 0.44
= ‘ - 1 T ; T
5 : :
1000 = 0 b A mm mrad E O 4
& | f"‘ >
0.1 - 08 -0.01
! § .
750 B : 1.5 \ )
- %05 0 005 o0f 06l 0% 0 o
® z [mm] O x [mm]
. > & n,x N
§ = i )
Vv v gn,y
Oy
250 o e i
/ i D Y N BERERCELLES mm ~ e T S
| , B — 1 Lo , Oy N\
% 5 10 i5 20 2 ’ % 5 10 15 20 265
s [m] s [m]

Courtesy of A. Giribono & C. Vaccarezza (INFN-LNF)
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PRA/‘GA Two-bunch working point for PWFA

Horizon 2020

A "comb-like" configuration for the electron beam, consisting of a 200 pC driver followed by a 40 pC witness
bunch, has been explored:

e Appropriate shaping and relative spacing of the laser-comb pulses at the cathode surface

e Fine tuning of phases of accelerating cavities and of magnetic fields of solenoids

Laser transverse and
longitudinal distribution

05 0 05
¥mm]

Drrver
Winess
Whoe

4000}

5_ AC0}|

a 2000}

" 1000/ ' <

S-band SPARC-like
photoinjector to generate the
3kA e beam current (TSTEP)

GUN + 3 TW cavities

i
.

X-band linac to boost the beam energy up
to 500 MeV reducing the linac length

(Elegani)

10 X-band cavities

Focusing
region
(TSTEP)

EM +
Triplets

e = 30 m

« Computational studies have been devoted to provide

« 0.55 ps beam spaced, corresponding to ~ A,/2

' Velocity bunching

(for np = 101 em=3)

« 3 kA peak current, minimizing as much as possible the degradation of the transverse normalized
emittance that occurs because of the witness-driver crossing

1

}i

« driver and witness transversally matched to the plasma (4 and 1 um)

Courtesy of A. Giribono & C. Vaccarezza (INFN-LNF)
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PRAl‘aA Two-bunch working point for PWFA: Results [

In the S-band injector

TSTEP simulation for the driver + witness
(30 pC, 2.6 kA) up to the X-band entrance

1

5, =90 m’ 1
o, .= 99 um- R

(@]
y’ [mrad]
(@]

e, = 2.45 mm mrad
e =252mmmrad :

M

o
Ayly [%]
O

=246 mmmrad
:=252mmmrad

OSUtW,:agum ........ ..... .._. ............. 052ny___073mm ...... _ g g

Avhy, =062 %

h-y/-y By = 0 74 % ........... ' ...... ‘h o ' ................... ' .......... E E

X [mrad]

Courtesy of A. Giribono &

C. Vaccarezza (INFN-LNF)

E (MeV)

* X %
* *

* 4 K

Horizon 2020

.-

In the X-band Linac

Elegant simulation for the driver + witness
(30 pC, 2.6 kA) up to the capillary entrance

S

e, =252 mm mrad
g - =265mmmrad
ey =073mmmrad: g

%0 20 0 20 40 20 20 0 20
y [um]

40

s =311 fmmrad 0SmA=0121%
e =335mmmrad : ) Avhy, =0.076:%
A s1hyy,, = 0.045 %

20 20 0 20 40 “" 01 0 01 02

' . urrent distribution
~550 Witness | ;

AE/E (%)

0.045 L 1

Q (pC)

en (mm mrad)

Bunch length (fs)

30
Driver beam ﬂ

0.8
e 0 0.5 1

|Slice (kA)

~12 (FWHM)
2.4 t [ps]

E. Chiadroni (INFN-LNF) - EUPRAXIA Yearly meeting, 20 - 24 November 2017 11



* X X

*
* *

PRA A Summary |

Horizon 2020

e LWFA External Injection

Start-to-end simulation from cathode to the plasma exit: full RF compression, final focus (pm
size) at the plasma and interaction

very good preservation of the 6D brightness at the plasma exit
the beam has been matched to the undulator => FEL simulation

WEDNESDAY 23rd at 17:00 => A. R. Rossi, Start-to-end simulations for laser driven
external injection (including FEL)

Hybrid compression scheme (Velocity bunching + magnetic chicane) with slit collimator to
minimize jitters and improve LPS

high 6D brightness at the plasma entrance
Start-to-end simulation including plasma is ongoing
e PWEFA (quasi-non linear regime)

Start-to-end simulation of a comb-like beam from cathode to the plasma exit: velocity
bunching, final focus (2 um size) at the plasma

slice energy spread ~ 0.7% in 30 cm plasma (=> See WP9 report!)
the plasma-accelerated beam has good quality to drive a FEL

WEDNESDAY 23rd at 17:20 => A. Marocchino, Start-to-end simulations with comb
technique for PWFA (including FEL)

E. Chiadroni (INFN-LNF) - EUPRAXIA Yearly meeting, 20 - 24 November 2017 12



PRA 1A

[|. Beam Transfer
| Ines Righlights

by A. Chance (CEA)



- PRAA Status of the multi-stage (1)

Horizon 2020

« Studies on the transfer line between 2 stages are under progress

« Several schemes are under investigation (capture doublet, triplet, quadruplet,
plasma lenses)

— - + + +— > < + +
Plasma source L' Log Lo ¢ Horizontal Plasma source L' Loglq@ Lo e Horizontal
* Vertical * Vertical

P ® Horizontal .
Lytasma , Lar N Lar Quadrupole o Vertical ¢ Lytasma , Ly Plasma lens Ly

» Scaling rules with the initial conditions and the transfer line properties:
e2, = e20+< x'? > 05(< X% > The + 2 < xx' > Ti26T226+< X% >1 The)
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PrA {IAStatus of the multi-stage (2)

L

* X %
* *
* *
* *

* 4 K

Horizon 2020

Variation with distance plasma exit-first focusing element, L*

N Enxy = 0,59um, ﬁx,y = 3mm (beam size 1 ym), g5 = 1%, E = 1 GeV
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PrRA, (A Multi-stage: plasma lens (3)

Horizon 2020

In PWFA, active plasma lenses may serve also as driver removal
O Driver
S5cm 20 cm 20 cm ' :
PWFA >, hEE = © Wwitness
—I‘Lens 1 ’

Lens 2 Lens 3

|
|
l
|
|
|
Commmdn caad
\j

10 cm S5cm 5cm 5cm

) 1 1

Emittance well conserved
for the witness beam

Driver well collimated

| |Exit of PWFA module e — :
| ‘ ¢Exu of PWFA module 8 particles lost |
10" " . ' ' '
3 1‘ v r : * " s . 07
" ]
25 " ! -

| Q=200 pC

| Energy ~ 1 GeV i

FWHM = 156 fs

E I R R

L
A
L

2 L
E 0

2 (em)
- (

' 1
0 20

o
!

~Lensl  lLens2 Lens 3

Courtesy of R. Pompili
(INFN-LNF)
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prACA  Transfer Line to FEL (1)

Horizon 2020

e« Periodic channel for the undulator exists

« Simplestlines at 1 GeV and 5 GeV exist (straight line with capture section and matching

section)
os = 070 E=1GeV os = 170

TraceWin - CEA/DRF/Irfu/SACM TraceWin - CEA/DRF/Irfu/SACM

X&Y (mm)

X&Y (mm)

I L e R L S B I R S I I R R L R N S L . R I T T I B R R [ B R
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
Position (m) Position (m)

TraceWin - CEA/DRF/Irfu/SACM

~ = Eyy . . .
g : ~g, @ Emittance growth not negligible
52-5‘_ e Collimation of off-momentum electrons is
& crucial
w2 : : :
S " - e Emittance growth is reduced if beam
c E . o . . .
. divergence is minimized at the plasma
6 exit
E 1] e Misalignment errors should be addressed
E ~—" in the next step
S ]

05 | | | L L L

0 1 2 3 - 5 6 7 8

Position ( m )
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PrA A Transfer Line to FEL (2)

Horizon 2020

[11.7.2017] TraceWin - CEA/DRF/Irfu/SACM
04 Chromatic filter
0.2
QR3 QP4QP5 QP8 QP10
M = [ 1 T
I=—— i i
g i v || ! e i ——
= A0 (1] (1 e I (I —
> ol || T (i
= ARLA {1 ‘||| |[|| I ,HIM_IHL |
AN | ] ""'"'"""'“v-»-w_w” T |
-0.2_
. 11.0788, -0.3691
04 ~ Matching section , Undulator
T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12
Position (m)

” S =11.0788, X &Y = -0.369067

« Conceptual line to clean off-momentum electrons with collimators

Courtesy of A. Molodozhentsev
(ELI-Beamlines)

 Under investigation
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PRA A Summary |

Horizon 2020

» Studies are under progress for the multi-stage
Impact of different solutions has been evaluated on emittance growth
For a compact line, plasma lenses are the most promising option

* reliability should be addressed
* Transfer lines to the FEL are under study

Parameters of the permanent quads for the capture block (taking into
account laser and beam divergence) were evaluated

If no collimation, the emittance growth is not negligible (>150%)

Electron beam propagation through the beamline for non-zero energy spread
with collimation (‘chromatic’ filter) is under study

Possible halo cut at the entrance of the undulator
Concept of the beamline with ‘periodical’ solution for undulators

* A 2-year post-doc is to be hired at CEA end 2017-early 2018 to
reinforce the team

THURSDAY 24th at 17:30 => A. Chance, Proposed schemes for electron transport between stages

E. Chiadroni (INFN-LNF) - EuPRAXIA Yearly meeting, 20 - 24 November 2017 19



PRA 1A

[1l. Diagnostics
HIghlights

by A. Cianchi (UNITOV)



* X %

PRA (A Highlights S

Horizon 2020

Meeting @LNF in September 2017 (remote connection was also available)

« Compactness is a must

Even ordinary diagnostics need refinement

» Diffuse use of cavity BPMs for trajectory measurements, high resolution,
small dimensions

« Longitudinal diagnostics offers already attractive possibilities even in the
few fs range

Transverse Deflecting Structures (TDS)

Coherent radiation based methods

* Novel diagnostics will be considered, but experimental proofs are needed

TUESDAY 22nd at 16:00 => A. Cianchi, Diagnostics for EUPRAXIA accelerator

E. Chiadroni (INFN-LNF) - EuPRAXIA Yearly meeting, 20 - 24 November 2017 21



PRA 1A

Towards 6D Phase Space Characterization of

*
* *

Ultra-Short Electron Bunches

Horizon 2020

Present X-band Transverse Deflecting Structures (TDS), firstly developed at SLAC
allow for proven temporal sub-fs resolution [1,2]

A new X-band TDS design with the possibility of
changing the streaking direction of the elecitric
field was recently proposed at CERN [3].

e-beam

)- -

[ ==

s horizontal

x dimension (x)
vszis
characterized

/:
y' "~z

Arbitrary x‘
transverse
dimensionvs
zis
characterized

A collaboration among DESY, PSI and CERN is
ongoing [4] to build and test the first prototype
using PSI tuning free assembly technology [5].

y [mm]

More extended e-bunch characterization with
sub-fs resolution in principle possible, e.g. 3D

reconstruction of e-bunch charge distribution
[6]:

y [mm]

x [mm)] 0s 0 Time [fs]

- Time [fs]

The induced energy spread by the TDS Ilimits
the measurement of the longitudinal phase
space [7].

[1] C. Behrens et al., Nat. Comm. 4762 (2014).

[2] P. Krejcik et al., TUALZ2, IBIC 2013.

[3] A. Grudiev, CLIC-note-1067 (2016).

[4] B Marchetti et al. Proc. IPAC'17, paper MOPABO044, pp. 184-187.

[5] U. Ellenberger et al., in Proc. of FEL'13, New York, USA, August, 2013, no.
35, 2013, pp. 245-249.

[6] D. Marx et al., Journal of Physics: Conference Series874 (1) (2017) 012077.
[7] D. Marx et al. Proceed. EAAC 2017
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PRA 1A

* X %

Towards Single-Shot Transverse Phase Space S
Reconstruction

* 4 K

Horizon 2020

transition radiation

* Phase space reconstruction by means of Betatron
radiation + simultaneous measurement of
electron energy spectrum

* Normalized rms emittance (correlated): 0.6 mm
mrad

* Normalized rms emittance (non correlated,
upper limit): 1.6 mm mrad

o) .
&) h s
“.
- b
_ 04
‘.d
. 0 J
~,
oy
1 on 06 04 Q9.4 0 W oA .8 an 1

i mi

A. Curcio et al. “Trace-space reconstruction of low-emittance
electron beams through betatron radiation in laser-plasma
accelerators' PR AB, 20.1 (2017): 012801.

* Improving side effects computations

* Considering also diffraction contributions at high
energy for single shot emittance with microlenses

A. Cianchi et al., "Transverse emittance diagnostics for high
brightness electron beams." NIM A, 865 (2017): 63-66.

E. Chiadroni (INFN-LNF) - EUPRAXIA Yearly meeting, 20 - 24 November 2017
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PRA 1A Summary |l =

Horizon 2020

LWFA and PWFA share similar issues in terms of diagnostics
Driver removal
Capture optics
Large beam divergence (“mrad scale)

Energy spread mitigation if needed

|dentification of a strategy for transverse emittance measurement good for both

For injected beam: TDS in X-band with different streaking directions

Tomography: 3D charge distribution

For extracted beam: betatron and transition radiation
single shot emittance measurement

 Betatron radiation for beam properties inside plasma

Sub-tasks assigned to different groups

E. Chiadroni (INFN-LNF) - EuPRAXIA Yearly meeting, 20 - 24 November 2017 24



PRAl\éA RF injector and transfer lines design on schedule e

Task 5.2. Electron Beam for external injection (RF injector)
5.2.1 Define the regimes of operation: Charge, energy, energy
spread, length, emittance, rep rate, ...

5.2.2 LWFA external injection (ultra-short, low charge)

5.2.3 Resonant PWFA: driver and witness (Multi-bunch train
generation)

M5.2: REPORT Preliminary RF accelerator specifications [M12]

e Personnelin place

v MS9: October 2016

e Preliminary RF
specifications

Task 5.3: Electron Beam Manipulation ‘
5.3.1 RF injector to plasma structure
5.3.2 Inter-plasma stage beamline

5.3.2.1. Plasma-based for injection and extraction: plasma lenses
5.3.3 Transport to applications

FEL user

HEP user
M5.3: REPORT Specification of the transfer line from the RF-
injector to the plasma [M24]

D 5.1: Design report photo injector recruitment [M30]

v MS19: October 2017

e Transfer line from the RF

injector to the plasma

Task 5.4: Electron Beam Diagnostics and Practical Issues ‘
5.4.1 Survey of electron beam diagnostics
5.4.2 Before injection
5.4.3 After acceleration (fs, GeV,mm mrad)
5.4.4 Alternative, e.g. plasma-based, diagnostics
M5.4: REPORT Definition of diagnostics before and after the
plasma channel [M40]
D 5.2: Report on optimal beam handling [M42]

= D5.1: April 2018

* Design report photo-
injector recruitment

E. Chiadroni (INFN-LNF) - EUPRAXIA Yearly meeting, 20 - 24 November 2017

| v MS8: October 2016 =

* X X
* *

Horizon 2020
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* *

PRA A Contributors

Horizon 2020

 INFN: E. Chiadroni, A. Bacci, M. Ferrario, A. Giribono, A. Marocchino, R.
Pompili, M. R. Conti, A. R. Rossi, C. Vaccarezza

« CEA: A. Chance, C. Simon

 DESY: B. Marchetti, P. A. Walker, J. Zhu
 UNITOV: A. Cianchi

e ELI-Beamlines: A. Molodozhentsev

« LAL: N. Delerue

 Cockcroft Institute: J. Wolfenden
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PRA 1A

Backup
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*
* *
*

PRA (A Injector Definition

Horizon 2020

* An electron injector is the first part of the accelerating chain

- The electron beam generated at rest energy is accelerated and guided up to
energies where space charge force effects are negligible and under control

 beam evolution is not space charge dominated anymore

» Space charge forces scale inversely with the square of the beam energy

» Space charge forces influence the beam dynamics and are one the

main performance limitations in high brightness electron injectors
Lamunanty parameter p

10 g—p——— 1 ..................
\ gy = 0.6 um
o , \ E,.=25MV/m
* L. Serafini and J. B. Rosenzweig, \ I=4KkA
Phys. Rev. E, 55(6) - 7566-7590 (1997) _ | '\ \\ | 2 2k,
\ — —
* L. Serafini and J. B. Rosenzweig, \ < Tt 3 e fy,
|\ I=1kA  \ th
PAC97 all <
. \ Potential_space charge emittance growth
* M. Ferrario et al. New Journal of \
Physics 8 (2006) 295 2 [{1=0.1xeA —
l - p=1 —
1000 2000 3000 4000 5000
T [MeV]
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* *
* *
*

PRA A Slice Parameters

Horizon 2020

In FELs, the resonance condition

Ay

A= —=(1+ K?
2’}/2( _|_ ’I“TTLS)

implies that the radiation slips forward, with respect to electrons,
of A, each undulator period A,

« the amplification happens at the scale of the slippage length:

Ls = Ny,

 the beam quality has to be certified at scale of L;

Beam parameters required at a given temporal range

« Slice parameters: slice emittance and slice energy spread => more relaxed
request, but projected emittance plays a role in matching to the undulator!!
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PrRA A Longitudinal Pulse Shaping
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e Charge density sufficiently low

T(t) - TOtaH(T - t)’ « the resulting distribution will be relativistically
preserved through a drift

(a) o (b)
~ laser  larger charge densities,
3. () t « the original longitudinal distribution will morph
cathode B\~ . :
1\ oz according to the integrated space charge forces
1” - \ 5% | inside the bunch
| i S - = s o Alarge (~140 MV/m) acceleration gradient in
-\ =1 s (cm) the gun helps preserving larger charge densities
0 ngun \Solenoi ol lene 100 compared with, e.g., L-band guns (~40 MV/m)
1.6 cell S-band It Is worth to investigate high gradient RF guns
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