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Motivation

» Conventional synchrotrons and FELs are very large |
* A LWFA-driven light source is ultra-compact |
» Short pulse duration (~10 fs)

e Small source size (few um)

* Very high peak brilliance

* RF accelerators produce electron beams with

emittance gy ~1x mm mrad and energy spread ~ 0.1%.
» Unprecedented peak brilliance expected in the X-ray FELSs.
 Beam quality & stability are the challenges for LWFA-driven FELS.




LWFAs to date

» High charge density: 10’s of pC in ~10 fs (kA peak current)
e Low emittance: g, ~few 1 mm mrad (no direct measurements)
« Significant relative energy spread c./y ~ 2 — 10%

“Dream beam” papers Nature 431, 535-544 (2004)
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Recent LWFA beams

* Closeto o /ly ~ 1%
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Undulator radiation demonstration

* StrathC|yde, Jena, .Gasjet SChIenV()Igt et al!
Stellenbosch ;

Nature Phys. 4, 130 (2008)
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ALPHA-X Beam Line

Advanced Laser Plasma High-energy Accelerators towards X-rays

ELECTRON
SPECTROMETER

GAS JET PEPPER POT

e Laser: A, =800nm,E=900mJ, t=35fs, [ =2 x 10 Wecm=?, a,=1.0
» Gas Jet: hydrogen, 2 mm nozzle, n,~ 1 -5 x 1019 cm-®
 Beam profile monitors: Lanex screens L1, L2, L3 imaged by 12-bit PGR Flea

cameras




Electron Spectrometer

» Designed by Allan Gillespie / Allan MaclLeod
 Built by Sigmaphi (France)

Dual function device

Low energy chamber
High resolution — design ~ 0.1% (FWHM)
Electron energy up to 105 MeV (B,,..,, =1.65T). |

High energy chamber
Uses upstream quadrupoles to aid focusing 4
Energy resolution ~0.2 — 10% (energy dependent) -
Electron energy up to ~ 660 MeV (B,.., = 1.65T)

max

max

Ce:YAG crystal
300 x 10 x 1 mm




Experimental Results - beam divergence/pointing

L1 profile (z=0.6 m)  Average over 1000 shots

60 laser pol.

Quasi-monoenergetic
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Divergence (mrad) » Lower plasma density (A, = 10pm ~

* Fit two Gaussian profiles CTjeer)

* Low divergence (~3 mrad) centre: 10% charge _, |ess elliptical and less offset

* High divergence (~30 mrad) halo: 90% charge « Theoretical model on-going
 Control pointing using quadrupole
lenses




Experimental Results - emittance
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Emittance
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Experimental Results - energy spectra I

« Operating mode: no additional focusing with quadrupole magneR e
* Propagation of few mrad divergence beam into spectrometer .
* Y and X focusing by spectrometer field only

L1 profile
False colour Ce:YAG screen images




Measured spectra - no quads
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 Nice but can be improved with better beam transport
» Spectrometer designed for ideal parallel beam
» Spectrum broadened for a divergent beam (small effect in this case)




Beam transport
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Experimental Results - energy spectra II

» Operating mode: additional focusing with quadrupole magnets
 However, elliptical beam profiles indicate transport not quite optimised

False colour Ce:YAG screen images




Measured spectra - quads on
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« Smaller measured relative energy spread
 Close to spectrometer resolution (still to be confirmed)
» Deconvolution yields a lower spread




Energy stability

7 8
6 7-
2 5 o 6
5 4 £ 5
c 3 5 M
Z 1 3 i
OéO 64 68 72 76 80 84 88 92 96 100 OéO 64 68 72 76 80 84 88 92 96 100
Energy [MeV] Energy [MeV]
» Best 20 shots » Best 37 shots
mean E = 82.8 MeV mean E = 83.4 MeV
C/ms — 4.6 MeV Oims = 2.1 MeV
» Gaussian fit » Gaussian fit
centre E =82.7 MeV centre E = 84.2 MeV
Cims = 3.6 MeV Oms = 4.4 MeV

» 6% shot-to-shot energy stability when good electron bunches are produced




Beam loading simulation

» Self-consistent reduced model to study effect of wakefield modification by
the laser pulse (beam loading)

 Laser pulse modification due to varying local refractive index

 Electron bunch injected at optimal position into the wake

e Lasera, =2
e Plasma n, = 1.3 x 10 cm=
 Electron bunch 2.5 pC in 1 um?3 volume




With beam loading 3 oo ® / No beam loading
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 Beam loading reduces the variation in accelerating potential along the bu




FEL viability

. o (a8, )
e High FEL gain criteria: ¢, <\y/4randc/y<p p= ; { p[ : u]}

1/3

» ALPHA-X undulator
90 MeV: A =260 nm
500 MeV: A= 8 nm

« Emittance (inferred from divergence and
measured directly) ~few x10-® m rad
90 MeV: need ¢, < 3 t mm mrad
500 MeV: need ¢, < 0.6 1 mm mrad

A, =15 mm, N =200, a, = 0.38

» Relative energy spread < 0.008
90 MeV: p ~0.011 and 47 ideal gain lengths
500 MeV: p ~ 0.002 and 8 ideal gain lengths

 Peak brilliance >102° photons / (s mm? mrad? 0.1% BW)




Summary

* High quality electron beams produced on the ALPHA-X beam line.

* 90 MeV electron beams driven by a, = 1.0 laser pulse in gas jet.

» study of beam divergence, pointing & shape.

* relative energy spread = 0.8% (upper limit).

* measured emittance gy = 5.57 mm mrad (upper limit).

» understood in terms of beam loading phenomenon smoothing the potential
along the electron bunch length.

 FEL gain: should be observable in DUV — XUV spectral range.

« compact soft X-ray FEL driven by a LWFA electron beam is a step closer.




Immediate tasks

« Confirm bunch charge — imaging plates

 Electron spectrometer simulations with GPT code — instrument resolution
e Spectral measurements using high resolution chamber

* Improved emittance measurements

e Improve beam transport — Anania talk (TU2PBC04)

Benchmark value
Also for X-ray FEL

» Theoretical modelling for energy spread approaching 0.1%

— beam loading optimisation
 Two beam case: Davoine et al., Phys. Rev. Lett. 102, 065001 (2009).

» Our one beam case: shows good potential without added
complication.
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