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• HHG is a powerful 
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• HHG background

• General seeding considerations

• Seed requirements for NLS Baseline Design

• State-of-the-art HHG sources  & comparison with 
NLS requirements

• Future challenges – where R&D is required

• HHG seeding results to date & planned

• Beyond the Baseline Design?

• Summary & conclusions



J.W .G. Tisch 2009

Page 3

��	
���
����������
���������	����

                                        

                                        

                                        

                                        

                                        

                                        

                                        

High Intensity
Femtosecond Laser

Gas Target 
Nonlinear Medium

                                        

                                        

                                        

                                        

                                        

                                        

                                        

Down to 
130 as

focusing

Laser intensity »»»» 1014-1015 Wcm -2
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Tunnel 
ionisation

1

Acceleration in the 
laser field

2

Recollision & emission 
of XUV photon

3

���� wwwwxuv

P. Corkum PRL 71 1994 (1993)

                                        

                                        

                                        

                                        

                                        

                                        

                                        

HHG pulse at laser rep-rate 
Linealy Polarised

Linealy Polarised

Synchronised 
residual laser pulse 

for pump-probe
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N odd harmonics 
of laser
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High Order Harmonics Spectrum

Properties of High Harmonic Radiation

• high spatial coherence

• highly directional

• short wavelength (into 2-4nm “water 
window”)

• ultrafast  (shorter than laser pulse –
attosecond with few-cycle laser pulses )

HHG beam-line at Imperial College Capillary HHG set-up at JILA
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• Sufficient seed power P seed (overcome noise)

• Seed bandwith DlDlDlDl seed well-matched to FEL gain curve

• Seed pulse duration tttt seed sufficiently short ( tttt seed ££££ 20 fs) –
compatibility with above?

• Good transverse coherence ��� �

• Continuous, ‘rapid’ lll l - tunability over FEL energy range

• Sufficient rep-rate ( ³³³³ 1 kHz)

• Sufficiently low jitter in all parameters (timing, energy, pointing 
etc)
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 Energy/eV

Wavelength/nm

FEL2
250 - 850 eV

Unseeded or Seeded 
to 333eV + FEL HG

FEL3
430 - 1000 eV

Unseeded
or Seeded
to 333eV

FEL1
50 - 300 eV

Seeded over Entire Range

HHG Seed Range
50 - 333 eV, 25 – 3.7 nm

tttt seed »»»» 20 fs @ 1 kHz
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tt tt
seed

= 20 fs

0.4 MW, 8 nJ
@ 50 eV

3 MW, 60 nJ
@ 333 eV

Required HHG Seed Power

Takahashi (Riken) Loose Focus 25nJ @ 13nm APL 84 4 (2004)

Gibson (JILA) capillary QPM ions 1kW @ 6nm Science (2003)

Kim (KAIST) w+2w 600nJ @ 20nm APL 92 021125 (2008)

Zepf capillary QPM 200kW @ 4nm PRL 99 143901 (2007)

Seres (MPIQ) ultrashort drive 3W @ 3nm PRL 99 143901 (2007)
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Top of band 
allows for 

~10x losses
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L »»»» 3Labs

A

Laser

Nonlinear 
medium

Nq ~ A / ssssabs

� Nq ~ EL/ ssss abs if IL, tttt L const

Note: HHG focusing f / # ~ E L
1/2

This imposes practical limits.

(f = 10 m demonstrated)

1 0��
�����	�������)�
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��
Use high energy laser pulses and large interaction volume

DDDDk = DDDDkGouy +DDDDkdisp + DDDDkdipole ®®®® 0  ��� � Lcoh ®®®® ¥¥¥¥

0.13Xe

0.060Kr

0.074Ar

0.72Ne

17He

1/ssss abs (rel units)
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Kim et al. APPLIED PHYSICS LETTERS 92 021125 2008 + recently reproduced at LOA (Lambert & Zeitoun)

Harmonics

l = 21.6nm optimised

E = 600nJ � Pseed » 30MW @ 57eV

Efficiency = 2x10-4

Laser

l = 800nm

2.8mJ/30fs, 1 kHz

6mm He

Relative phase 
adjustment

w + 2wwww drive
orthogonally polarised!
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Comments

• Mixing of modes in 
waveguide gives 
intensity 
modulation 
required for QPM

• Energy scaling 
uncertain, eg. 
capillary damage

• Robustness/ 
Reliability at 1kHz?
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Ecutoff = Ip + 3.2 Up

� Ecutoff ~ lll l L
2 for U p>> Ip

But single atom efficiency scales like lll l L
-5.5

Tate PRL 98 013901 (2007)

eg. increasing lll l by factor 2 from 800nm to 
1.6mmmmm increases cutoff by factor 4 (e.g. from 
~350 to >1.5 keV in He) but with ~40x drop in 
efficiency .

This trade-off suggests that best choice is 
lll l L� 1.6 mmmmm

Longer lll l drives typically also offer wavelength tunabiliy

OPAs: 7 mJ / 40 fs @ 1.4 mmmmm, 1 kHz rep-rate (Riken)

OPCPA: 80 mJ / 8.5 fs @ 850 nm, 1 kHz rep-rate (MPIQ)

cutoff
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Ecutoff (Ip) = Ip + 3.2 Up(Ip)

� Ecutoff /eV »»»» Ip/eV + 7.7x10-4 (Ip/eV)4

assuming I sat ®®®® I OTBI

33025He

20022Ne

6716Ar

4314Kr

2812Xe

Ecutoff /eVIp/eVSpecies

Ions have higher ionisation potentials

BUT HHG efficiency is much lower due to reduced 
single atom response and poor phase-matching 
(plasma dispersion)

cutoff
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SFA modelling in Ne

800nm+1600nm

800nm

1200nm

1600nm

Optimised:
800nm + 1600nm
+400nm + 267nm
+200nm

Tailored Laser Waveform

Chipperfield et al. PRL 2009

Simulations suggest that a 
saw-tooth type waveform 
with quasi DC offset 
generates harmonics with a 
significantly extended 
cutoff while maintaining 
efficiency.

Electron 
trajectory

Laser 
Waveform
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qL

L 2
³

l
dl

FEL1: continuous tunability for lll l ££££ 25nm (50eV) 
requires dldldldl L / lll l L »»»» 6%, ie. 800 ±±±± 25 nm

q q+2

lll l

Laser tuning range

Condition for continuous tunability for wavelengths
lll l seed ££££ lll l L/q :

3 !����������)�3����	�
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Conventional Ti:S CPA laser system not tunable

State-of-the-art ‘tunable’ systems:

• OPAs: 7 mJ / 40 fs @ 1.4 mmmmm, 1 kHz rep-rate (Riken)

• OPCPA: 80 mJ / 8.5 fs @ 850 nm, 1 kHz rep-rate (MPIQ)
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R&D required to assess feasibility of other schemes  including

• Ionisation blue-shifting of laser or harmonics

• Spectral selection from ultra-broadband source (eg within stretcher of OPCPA system*)

• ‘Half-Cycle Cut-offs’ Haworth et al Nature Physics 3 52 (2007)

• ‘Polarisation gating’ using chirped laser pulses? Sola et al., Nature Physics 2 319 (2006).

t

wwww - wwww0

Gate Pulse

Drive pulse with time-varying ellipticity

Window of Linear 
Polarisation

* John Collier, RAL
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Required HHG Seed Power

Takahashi (Riken) Loose Focus 25nJ @ 13nm APL 84 4 (2004)

Gibson (JILA) capillary QPM ions 1kW @ 6nm Science (2003)

Kim (KAIST) w+2w 600nJ @ 20nm APL 92 021125 (2008)

Zepf capillary QPM 200kW @ 4nm PRL 99 143901 (2007)

Seres (MPIQ) ultrashort drive 3W @ 3nm PRL 99 143901 (2007)
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x50

3MW @ 333eV¸̧̧̧ 500

(wwww+2wwww) scheme in He currently give 30MW @ 20nm using 
~3mJ/30 fs laser (Kim)

Extrapolate factor ~ 500 decrease @ 3.7 nm (333eV) ��� � 60kW

x50 increase required to reach required 3MW ��� � use brute-
force scaling, ie ~150mJ/30 fs, 1 kHz laser required  with 
tunability

NB: Brute-force scaling of ( wwww+2wwww) scheme not a given –
significant R&D required.
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Lambert et al Nature Physics 4 296 (2008)

Laser

• 20mJ/100fs Ti:S laser @ 800nm

• 10 Hz rep-rate

HHG

• 5th Harmonic

• Loose focusing in Xe

• Pseed »»»» 0.5nJ / 60fs »»»» 8kW

1st undulator only

J.W .G. Tisch 2009

Page 20

Lambert et al Nature Physics 4 296 (2008)
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• Elliptical Polarisation?

• Intensity contrast?

• Pulse shaping?

• Attoseconds?

• CEP stabilised drive lasers?

• Very narrow band seed?
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• HHG seeding of FEL1&2 in 50 – 333 eV range requires P seed in 0.4 – 3 MW 
range, allowing for x10 losses.

• Seed should also be continously tunable, ££££ 20 fs in duration and at ³³³³ 1 kHz 
rep-rate.

• Sufficient HHG power available today in 25 -10 nm r ange (50 – 124 eV), but 
without lll l tunability.

• HHG to 1 keV demonstrated at very low power (using l ow energy few-cycle 
laser) so 333eV is accessible (but in cut-off regio n) in He with 800 nm drive 
laser.

• Significant amounts of R&D required to achieve necs sary large (~10 3) 
power increases below 10 nm (>124 eV).

• Shorter seed wavelengths (eg to seed FEL2&3 at highe r energies) possible 
with longer drive wavelength, but with reduced effi ciency. Trade-off 
suggests lll l L ££££ 1.6 mmmmm.

• Continuous HHG tunability demonstrated at relatively  low pulse energy 
with OPA drive.

• OPCPA lasers offer much higher pulse energies.
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• Most promising scheme appears to be ( wwww + 2wwww) drive  + some brute force 
scaling. ~150 mJ / 30 fs 1 kHz laser required WITH suf ficient wavelength 
tunability ie. dldldldl L / lll l L ~ 3 – 6% for lll l L ~ 1.6 mmmmm – 800nm.

• Conventional Ti:S CPA lasers not sufficiently tunabl e, but progress is 
being made.

• Currently OPCPA technology provides most obvious so lution to 
wavelength tunability, but lll l tuning not trivial.

• Parallel R&D should be undertaken to investigate ot her tuning options 
that would permit use of proven Ti:S drive lasers.

• Jitter control (timing, energy, pointing etc) + cou pling issues (seed 
transport and imaging, monochromatisation, vacuum i solation etc) seem 
to be 2 nd order problems which are likely will be solved with  clever 
engineering.

• Requirements for attosecond pulses, CEP stabilisatio n, elliptical 
polarisation, very narrow band seed etc need to be clarified.
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