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All Optical Free



Monoenergetic electron beams opened the way
to applications -
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GeV laser-plasma acceleration achieved with cm-scale capillary

1 GeV capillary accelerator experiment at LBNL/Oxford U. I e
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0.5 GeV capillary accelerator experiment at MPQ/Oxford U. I cae R

Laser: 18TW 42fs (1.5x1018 W/cm?, a,=0.84)
f=1.5m d =23 um FWHM 2 e
Capillary: 200um diam. 15mm length
Plasma n_: 8.4x1018 cm-3

Energy: 0.5 GeV + 2.5%FWHM
Divergence: 0.3 mrad RMS,

Charge: >0.3pC

Normalized emittance: < 2.4 mm mrad RMS

3cm gas-fill capillary

Divergence (mrad)




Plasma accelerators - inherent table-top

Millimeter-scale plasma channel

Centimeter-scale plasma channel

ted in Hyd
“operated in Hydrogen gas

Capillary accelerator

Ablative discharge capillary

operated in vacuum




Progress in electron acceleration
driven by laser at GIST-APRI, Korea

N. Hafz and J. M. Lee
in interview, nature photonics, 2, 580, 2008
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Stable Electron Beams with GIST laser

Mean electron energy = 236.9 MeV
SD/Mean E =5 %
Charge: ~100pC
Divergence angle: ~afew mrad

F/22 (f=1.5 m)
lcm He gas jet

Intensity (arb.u.)
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Mean laser power (J) = 36.8 TW
SD/Mean E =4.6 %
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Average Channel length ~ 3.5 mm
N. M. Hafz et al., Nature Photonics,2, 571 (2008)



GeV electron beams from 1cm gas jet at GIST

Laser: 50 TW, 35 fs Laser: 50 TW, 35 fs, 24 um spot
Plasma: 6.8 x 10%cm-3 Plasma: 2~3x 1018cm-3
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N. M. Hafz et al., Nature Photonics (2008)

)

Recent results




Ablative caplillary discharge plasma channel
ignited with Nd:YAG laser

Stable operation in vacuum

Capillary was developed at KEK
: under the collaboration with Hebrew University.
— Wi

Discharge current and Plasma density

Plasma density was measured

4 cm acrylic capillary by H,, line broadening.
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4 cm ablative capillary M Unguided

acceleration experiment
at CAEP-SOKEN-KEK

-200 O 200 -200 0 200
(m)

27TW guiding
H.V. =12 kV
Delay =260 ns

Bitran CCD

0. -
*
0. 4
*
" 1 AC
£ — s S
0. |II

BGO x 1 (1GeV) /
Cherenkov x 3
(800MeV, 650MeV, 550MeV)

° - i 300TW 30fs laser
: - - SILEX-I, CAEP, China
Photo diode B s | o
for YAG YAG laser A il ey
Photo diode

for Ti:Sa ™.,




0.56 GeV, 1% energy spread beams
from 4cm ablative caplillary

Laser: P = 24 TW 27fs (8, =1.7) | =) =
Plasma: n, = 1.9 x 1018 cm-3 E-1000 400 600 = ' 540 560 580
o (MeV) (MeV)
0.56 GeV beam L 252
Divergence (rms): 0.59 mrad j: § 1F M
Energy spread (rms): 1.2% E2 0 | |
Charge: ~10fC < = 540 560 580
Energy ( MeV )
Laser: P=16 TW 27 fs (a,=1.4) | . T 9

Plasma: n, = 2.7 x 1018 cm E-i?ﬂ
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Kameshima et al., Applied Physics Express 1, 066001 (2008)
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What should we do next?
Where should we land?




What Iis X-ray Free Electron Laser?

How to produce coherent radiation
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A table-top X-ray Free Electron Laser
based on laser-plasma accelerated
electron beams
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*Table-top size GeV-electron injectors
including laser drivers and radiation shields.

eUltrashort electron bunch of the order of 10fs
without bunch compressors, which produces
very high beam current of the order of 100 kA
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Shorter undulator length
Higher saturation FEL power




How to set up X-ray FEL on a table top
Large-scale RF Driven X-FEL

Photo-

DESY FLASH

VUV FEL

cathode

Super conducting RF accelerator

RF gun

UV Laser

60m———

Beam energy Bunch

Pulse duration

Pulse duration 100 fs

4 ps

460 MeV Compressor

Table-Top Laser Driven X-FEL

Plasma accelerator

Laser

Coherent X-ray
Wavelength 32 nm
Pulse duration 55 fs
Saturation power 0.8 GW

EAESE R ESE AR R A S K
Undurator length
30m

Coherent X-ray pulse
Wavelength 3 nm
Pulse duration 4 fs
Saturation power 20 GW

N? Nt
Energy
490 MeV
«—| Unduratorlength |

2m

+—3cm——




he first demonstration of undulator

radiation from laser-accelerated electron beam
10Q, JENA, Germany and University of Strathclyde, UK
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Challenge to table-top X-ray FEL
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Figure 1 The path to X-rays on a table top. a, By combining the ability to produca 1-GeY electron beams from a
3-cm-long capillary laser wakefield accelerator recently demonstrated by Leemans ef al” with the synchrofron
radiation scheme demonstrated by Schlenvoigt of al®, a compact, high-brilliance source of coherent X-rays could
goon become a reality. b, Peak brilliance of undulator synchrotron radiation sources as a function of photon energy.
Data fram ref. 3. Taking the beam parameters reported by Leemans ef al. (energy of 1 GeV, and an electron bunch
length and charge of 10 fs and 30 pC), a high-brilliance source comparable to existing large-scale synchrotron
radiation should be readily achievable. In the FEL regime, such radiation could be amplified by many orders of
magnitude, to levels of brilliance similar to kilometre-scale FELs=* currently under construction.

Kazuhisa Nakajima, nature physics, vol. 4, 93 (2008)



Design of Table-Top XFEL

Parameter FLASH VUV FEL TABLE-TOP TABLE-TOP
Soft-X-FEL Hard-X-FEL
Current 1.3 kA 100 kA 160 kA
Norm. emitt. 6 mm mrad 1 mm mrad I mm mrad
Beam size 170 um 30 um 30 um
Energy 461.5 MeV 491 MeV 1.74 GeV
Energy spread 0.04% 0.45% 0.1%
Undulator period 27.3 mm 5 mm 5 mm
Wavelength 30 nm (41.3 eV) 3 nm 0.25 nm
Saturation length 19 m 1.6 m 5m
Pulse length 55 fs 10 fs 4 fs
Saturation power 0.8 GW ~20 GW 58 GW

Present laser-plasma accelerators are reachable to Table-Top Hard-X-FEL

(F. Gruner et al., Appl.Phys. B 86 431, 2007)




Hybrid Miniature Undulator Magnet

Undulator Parameter

K=0.93\, [cm]B,[T]=0.465

Gap
Lomm| +

Miniature Undulator
(T. Eichner et al.,
PRST-AB, 10,
082401,2007)



Laser-driven table-top X-ray free electron laser

Beam stop

Coherent X-ray

— Pin hole
—>
—>
s
Zone plate sample




Laser-Driven Betatron X-ray radiation
from plasma wiggler

Plasma wiggler
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V. Malka et al., nature physics 4, 447 (2008)
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Nemeth et al, PRL 100, 095002 (2008) Peak X-ray energy:

. 212 -3
No external wiggler ! E(eV)=1.45x10"y"n, (cm™ ¥, (um)

Divergence: 0=K/y

For a 1GeV electron beam with 1mrad divergence, 300 pC charge
108 photons/pulse/0.1%BW at 10keV within mrad




All Optical Free Electron Laser with optical undulator,
replacing magnetostatic undulator
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Petrillo et al., PRST, 2008



Toward a table-top X-ray FEL

The first X-FEL application of laser plasma accelerators may be made by
Asian Intense Laser Network and Asian Committee for Future Accelerator.

. CRIEPIl

.elerator Existing undulator
%’ at KEK developed for SPring-8

O( collaboration
oxford University




Summary

Laser plasma accelerators achieve the beam energy of multi-GeV with ~1%
energy spread and ~1 mrad divergence.

Laser-plasma accelerator makes it possible to build a km-scale X-ray free
electron laser on a table top.

All optical free electron laser with optical undulator makes a further compact

! !

Thank you for attention



