
David Dunning, Brian McNeil & Neil Thompson

ñMoving FEL output towards 

the atomic unit of timeò

CI SAC 2nd November 2009



www.cockcroft.ac.uk

Outline

ÅBrief summary of óconventionalô cavity mode locked 

lasers

ÅMode formation & locking in a SASE FEL amplifier

Å3D & 1D simulations in XUV & VUV

ÅApplication to High Harmonic  attosecond structure 

ÅImproved models

ÅConclusions

http://www.cockcroft.ac.uk/


www.cockcroft.ac.uk

Brief summary of 

óconventionalô cavity mode 

locked lasers
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Ultra-short pulse generation

This history of short pulse 

generation in óconventionalô 

lasers has developed from 

the first mode-locked lasers, 

through dye-lasers, 

Ti:Sapphire and now to High 

Harmonic Generation in gas 

jets. Since 1964, pulse 

durations have been 

reduced by ~ 5 orders of 

magnitude to ~130 as and 

more recently* to ~80 as. 

*E. Goulielmakis et al., Science 

320,1614 (2008) 



n=1n = 2

n = 1

ʑ

perimeter = s

s

ÅEnvelope is atomic linewidth: gain bandwidth of 

lasing medium

ÅMode spacing æɤs=2 ć/s

ÅNo of modes q = bandwidth/mode spacing
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ÅMode-locking occurs when a fixed phase relationship

develops between the axial modes.
ï Application of e.g. cavity length modulation causes axial modes to develop 

sidebands. 

ï Cavity modulation at round trip frequency causes sidebands at mode 

spacing ɝʑs . Neighbouring modes couple and phase lock.

ï The the output consists of a one dominant repeated short pulse. 

Cavity mode-locking
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Mode formation & locking in a 

SASE FEL amplifier*

*
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Axial Modes from an amplifier FEL
Å For cavity FEL, gain bandwidth ~ 1/2Nw

Å No of modes within bandwidth q = s/2Nwɚ

Å Too many modes to resolve & needs optics* 

Å Alternative: synthesise axial mode spectrum without cavity

The spectrum is the same as a ring cavity of length s.

Have synthesized a ring cavity of length equal to the 

total slippage between modules

Eg: s =10m, ɚ=10nm,

Nw = 50         q =107Ý
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Electron delayɼ
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Example: ɚ=12.4nm, Nw = 12, 

ŭ= 551nm      s = 700nm

# of modes: q = 2.35
Ý
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Axial mode analysis 

Ý

ld s L Nl=

0.5, 0.75l d= = 0.5, 2l d= =

dw

l Nsdw=

swD

2s sw pD =

The analysis demonstrates that the axial 

modes generated are formally identical to 

those of a cavity. 

The ócavityô, however, is significantly 

shorter, so that only a few modes may fall 

under the gain bandwidth.

This now allows coupling via a modulation 

introduced at a relatively large frequency. 
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Similarities to DOK: V. N. Litvinenko, Nucl. Instrum. Methods Phys. Res., Sect. A 304, 463 (1991).



Modal structure of Spontaneous Emission

mode spacing

total delay

delay in chicane

slippage in one undulator module

number of modules

Starting from 1D wave equation derive spontaneous 

emission spectrum for N modules:

Chicanes off:Chicanes on:



Axial mode coupling in the XUV
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Mode-locking: pulse train position
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Simulations (3D & 1D) in XUV & VUV
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XUV Parameters



Spike FWHM ~ 400 as

Ts

pt

XUV SASE FEL amplifier with mode-locking

From conventional cavity analysis:


