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Mission and goals of FLASHForwaro

FLASHForward is > a fully approved DESY project since July 2014
> an extension to the FLASH FEL facility

> a new beamline for beam-driven plasma wakefield accelerator research

Mission > to demonstrate beam quality from a plasma-based wakefield accelerator suitable for
first applications in photon science as a stepping stone towards high-energy physics applications

Scientific goals the characterization of externally injected electron beams
and their controlled release from a wakefield accelerator with energies > 2.0 GeV (— phase /)

the exploration of novel in-plasma beam-generation! and acceleration techniques to provide
> 1.6 GeV energy, < 100 nm transverse normalized emittance, fs duration, and > 1 kA current
electron bunches (— phase /)

to demonstrate free-electron laser gain with these beams
at wavelengths on the few-nanometer scale (— phase /)

T A. Martinez de la Ossa et al., “High-Quallity Electron Beams from Beam-Driven Plasma Accelerators by Wakefield-Induced lonization Injection”, Physical Review Letters 111, 245003 (2013)
A. Martinez de la Ossa et al., “High-Quality Electron Beams from Field-Induced lonization Injection in the Strong Blow-Out Regime of Beam-Driven Plasma Accelerators”, NIM A 740, 231 (2014)
J. Grebenyuk et al., “Beam-Driven Plasma-Based Acceleration of Electrons with Density Down-Ramp Injection at FLASHForward”, NIM A 740, 246 (2014)
B. Hidding et al., “Ultracold Electron Bunch Generation via Plasma Photocathode Emission and Acceleration in a Beam-Driven Plasma Blowout”, Physical Review Letters 108, 035001 (2012)
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FLASHForwardr» builds on existing infrastructure at FLASH 2

> main beamline is being set up inside the FLASH 2 tunnel, installation started in May 2015

> laser and preparation infrastructure is situated in building 28m/0O1 and O2
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FLASHForwardr» builds on existing

> main beamline is being set up inside the FLASH 2 tunnel, installation -

> laser and preparation infrastructure is situated in building 28m/0O1 anc

Laser and preparation laboratories (DESY 28m/02)
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FLASHForward»» shares the FLASH accelerator front-end
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FLASHForwardr» beamline overview
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Capabilities of FLASH beams for FLASHForward
FEL-quality (~1.25 GeV, ~0.1% energy spread, ~2 um transverse norm. emittance), simultaneous with FLASH and FLASH 2
Variable longitudinal beam shape (e.g. Gaussian, triangular), multi-kA peak current
Sophisticated laser-to-beam synchronization for diagnostics/laser-triggered injection schemes

10 Hz repetition rate with up to 2 bunches at 1 us separation + optional witness beam at ~100 fs separation
Page 6
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Accelerator section

FLASH beamline

FLASH timing system allows for
beam-to-laser synchronization of ~25 fs rms

S. Schulz et al., Nat. Comm. 6938, 1 (2015)
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Pre-plasma cell lattice design for beam post-compression
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Full FLASH start-to-end simulations for realistic predictions

Photocathode: Llnaq, : E '!'ranspo.rt, : Undulator:
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Wakefields » Betatron diagnostic
Tunable R56 » Comparison to
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—* Beam generation ——e H0Ose mitigation Undulator design e
—e Double bunch generation » Matching FEL gain optimization e
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osiris
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Mitigation of hose instability caused by CSR effects important

_ L , , , . , i
—Example beam distribution from tracking codes OSIRIS/HIPACE simulation
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5
200 -
4.5
150 + 4
100 ¢ : 35
. 907 1 3
g 0 — A ; 25§:
T 0} 1 2
100 k 1.5
11
-150
10.5
-200
-60 -40 -20 0) 20 40 7 7'1 7'2 7'3 7'4 0
¢ (pm) | 2 (n.nn) | |
>> Simulations allow for tracking >> Hose instability may severely affect quality
of beams up to the plasma and stabllity of accelerated beams
>> Realistic 6D beam phase space distribution >> Mitigation of hose instability crucial for

affected by CSR FLASHForward
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Full FLASH start-to-end simulations for optimized operation

lteration
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Versatile electron beams for transformer ratio studies
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FLASH feature: tailored triangular beams for PWFA m ucLA
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VY

from J.G.Power et al., PAC Proceedings 115 (2001)

triangular current profile

mode of operation demonstrated in
Piot et al., Phys. Rev. Lett. 108, 034801 (2012)

Electric field

pulse-shaping realized by 3 harmonic RF cavity

> maximum energy gain of a witness beam Akw = R x Ep
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Versatile electron beams for transformer ratio studies

FLASH feature: tailored triangular beams for PWFA

2

Nno=5x 10" cm™3

triangular current profile 10
mode of operation demonstrated in EI_
Piot et al., Phys. Rev. Lett. 108, 034801 (2012) OF )
pulse-shaping realized by 3@ harmonic RF cavity € 10 =
> F
20 T N T
-30F

z= 2315 um

From OSIRIS 3D PIC simulations

- maximum transformer ratio of ~6
- 50 GV/m peak field strength

- boosting the energy of a witness beam
to ~5 GeV in less than 10 cm seems feasible

C [um]
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Beam Injection: a challenge to preserve emittance
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Beam Injection: a challenge to preserve emittance

2
Total betatron phase mixing length
1.5
A 8y
LB mix &~ — al
B, mix ag kab
Matching conditions
C
Xmatch — 0 Bmatch = —
Wpa

> Significant phase mixing occurs up to

~TeV energies within acceleration length
(with plasma density 10" cm3, quasi-linear wake, A = 800 nm)

> Matching sections between stages require
significant space with conventional technology

> Matched (3 can be challenging to achieve,
B ~=1mm at FLASHForward

T. Mehrling et al., Phys. Rev. STAB 15, 111303 (2012)

| ; | | |
! - - —= Matched case
B,mix | ——— Only beta matched
| —— Only alpha matched
| ! | | |
2 4 6 8
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Analytic models for emittance evolution

>> New semi-analytical approach based on beam-envelope equations R. Robson et al., Annals of Physics 356, 306 (2015)
T. Mehrling et al., in preparation
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Energy spread and small 3 complicate emittance preservation
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> |leads to transverse emittance growth in free drift

— K. Floettmann, Phys. Rev. STAB 6, 034202 (2003)

Phase space ellipses during drift
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> quality preserving capturing is a challenge
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Energy spread and small 3 complicate emittance preservation
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Novel In-plasma beam-generation techniques
for unprecedented beam properties

> Density down-ramp injection
J. Grebenyuk et al., NIM A 740, 246 (2014)

Iz > 1kA

> Laser-induced ionization injection (Trojan Horse injection)
B. Hidding et al., Physical Review Letters 108, 035001 (2012)

Ip > 5 kA

> Beam-induced ionization injection
A. Martinez de la Ossa et al., NIM A 740, 231 (2014)

I > 7.5 kA

> Wakefield-induced ionization injection
A. Martinez de la Ossa et al., Physical Review Letters 111, 245003 (2013)

Quality of beams linked to control over initial
population of wake-phase space at injection

Ip > 10 kA

plasma.desy.de




Wakefield-induced ionization injection utilizes strong fields of
the generated wakefield to ionize dopant gas

He / H regio

20 n= 120x 1(31"cm""‘ ; o

He / H gas jet — — gas inlets —
I no=1.2x 1018 cm-3 I
electron beam | preionization laser
--------------- e - e SR

Driver: Ex = 1 GeV, Ib =10 kA, Qp = 574 pC
Oz= / Um, Oxy = 4 um, €xy = 1 um

Prob,q« [%]

AW [MV]

> Wakefield-induced ionization injection
A. Martinez de la Ossa et al., Physical Review Letters 111, 245003 (2013)

I5 > 10 kA
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Wakefield-induced ionization injection allows for beams
with low emittance & sub-femtosecond durations

. . . A. Martinez de la Ossa et al., Phys Pl 22, 093107 (2015
Driver and witness bunch after 14.6 mm in plasma artinez de la Ussa et al., Fhys rlasmas (2015)

! Injected Bunch z= 14.6 mm 10 C 35 ... ' N ' ' —
: Dri 41 S~ - Witness properties z=146mm {.
B P river C 5 : Charge = -6.34 pC —
10 ,.__ A" AL= 023um 7 0-06 O
Jp— — 102 ApJp,= 92% ] Q
E N E &= 030um O
=. = 0.04 3,
— C'Q ____________________________________________________________ ©
¢ 18 0.02 §
= 2.54 GeV/c ]
é: ] VP R R S 1<p.z> — e .c — 0
Q b _‘ 1 T L 1 [ L T T T 1 T I' L T l L 1 T L ' T T L g—
- - —— Current [KA]

—eo— Energy spread [%]
—e— Emittance [um]

-
3 __________________________________
. e iMoo
= | M ) M | N M 2 |
-20 0 20
t.: [Mm] > Duration: 770 as rms > Normalized emittance: 300 nm

> Current: 5 KA (tunable) > Uncorrelated energy spread: < 1% :

- > Wakefield-induced ionization injection
A. Martinez de la Ossa et al., Physical Review Letters 111, 245003 (2013)

I5 > 10 kA
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Wakefield-induced ionization injection allows for beams
with low emittance & sub-femtosecond durations

A. Martinez de la Ossa et al., Phys Plasmas 22, 093107 (2015)

Driver and witness bunch after 14.6 mm in plasma
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A. Martinez de la Ossa et al., Physical Review Letters 111, 245003 (2013)

I5 > 10 kA
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Experiments to start in January 2017
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Summary

FLASHForwardr» aims at advancing novel-accelerator science by exploring plasma-wakefield acceleration

- various external and internal witness-beam-injection schemes to achieve usable beam quality
- the extraction of accelerated beams from plasma without significant quality degradation
- the assessment of the usability of these beams in a free-electron laser

Photon science applications will be pursued first as litmus test for plasma-accelerator technology
External injection and extraction experiments are foreseen as a precursor to staging studies, important for HEP

FLASHForward is an important step to explore beam-driven wakefield acceleration and prepare it for applications

Goal: plasma accelerator research — usable plasma accelerators
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