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Theory

UCLA

Well understood and tested from
IR to about 0.1 nm. Good simulation
tools from the injector to the X-ray
pulse (Start-2-end simulations). Not a
major cost or space component.

Injector

X-ray pulse
Linac-compressor

Photo-injectors
(thermionic
injector) are
understood and
tested. Good
scaling laws and
simulation tools.
3/3/2010

Undulator

Pulsed RF warm or SC,
CW SC: feasible but
expensive!
Laser/Plasma/WF
…would reduce size &
cost
ICFA FLS 2010,
C Pellegrini

Optics &
detectors not
discussed

Well developed for λ
>1cm. Shorter
periods, larger gaps
can reduce cost.
4

State of the art
UCLA

The last decade has seen great progress in FELs development,
best summarized by the results of FLASH and LCLS.
FELs now cover the full range of wavelength, from IR to 0.14
nm, with record peak/average power & brightness for λ<100nm.
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LCLS Gain Length Measurement at 1.5 Å: 3.3 m
UCLA

γεx,y = 0.4 µm (slice)
Ipk = 3.0 kA
σE/E = 0.01% (slice)
LG=3m
LC=30nm (0.1 fs)
Pulse length
estimate,
σ= 30 fs.
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State of the art
UCLA

 LCLS has demonstrated that X-ray pulses intensity and duration in
a SASE FEL can be controlled by changing the electron bunch
charge and compression.
Photo-injectors have produced a bunch with normalized emittance
as low as 1.3 µm at 20 pC. Great confirmation of Rosenzweig-Colby,
Serafini, Ferrario scaling laws, and their predictions.
Start to end simulations, initially developed for the VISA FEL in
2000, have become a common and powerful tool, to predict and
optimize FELs’ performance.
Photo-injector scaling laws show the feasibility of producing
electron bunches with pulse duration of fs to as, and to tailor the Xray pulse to the experimental use.
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State of the art
UCLA

Seeding and HGHG have been tested. Fermi, the first FEL user
facility based on HGHG, will start operation in less than 1 year, end
of 2010-beginning of 2011.
New ideas for seeding, like the ECHO technique, are being tested.
Many ideas and techniques for synchronization at fs level have
been developed for pump probe experiments.
Velocity bunching developed and tested. A compression in the
injector by a factor of ten, with emittance preservation, is feasible,
and reduces the amount of magnetic compression for a desired
bunch length.
Single spikes, FTL, for SASE FELs have been demonstrated.
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State of the art
UCLA

A high frequency, C-band linac, with high accelerating gradient,
is being used at SCSS to reduce the accelerator length. X-band
linacs could be used. Both C band or X-band linacs could be used
at low accelerating gradient to increase the linac repetition rate
likely up to 1 kHz.
Laser/plasma/dielectric wakefield based accelerators are being
developed. They could become available for light sources in the
future and decrease the accelerator length to a small fraction of its
present size.

3/3/2010

ICFA FLS 2010,
C Pellegrini

9

X-ray FELs next developments: the wish list
UCLA

Flash, LCLS, and the next FELs, as XFEL, SCSS, Fermi, are
only the beginning of the road. Present and next generation FEL
capabilities can be extended to parameters like:

Photon energy, keV
Pulse repetition rate, Hz
Pulse duration, fs
Coherence, transverse
Coherence length
Peak Brightness
Average brightness
Polarization
3/3/2010
May
18, 2009

0.1-100
100-105
<1-1000
Very good
LBunch to LCooperation (300-0.1µm)
1030 -1034 ph/mm2mrad2s 0.1%bw
1018 -1027 ph/mm2mrad2s 0.1%bw
Variable, linear to circular
ICFA
C. Pellegrini,
FLS 2010,
C Pellegrini
UCLA
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What can we expect from this new
knowledge?

UCLA

1. Low charge, low emittance, high brightness electron
bunches can be used to operate an FEL at lower energies, for
the same wavelength, or for a given system, can produce
higher energy photons than expected until recently.
2. Velocity bunching can be used to reduce the damage to the
electron beam phase-space done by magnetic compression.
3. Femtosecond to attosecond long electron bunches with peak
current large enough to drive an FEL are feasible.
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Example 1: Higher photon energy for a given beam
energy (Wu and Pellegrini, presented at this workshop)
12

Emittance scaling
Includes RF, space charge, thermal effects [RosenzweigColby, 1995; Ferrario, 2000

! N " 1.5 # ( 0.111 # 10 Q + 0.18 # 10 Q + 0.18 # 10 Q )
At low charge regime, thermal emittance dominates: εN ~Q1/3
1/ 3
The bunch length also scales like ! L " 0.03Q
6

2/3

12

4/3

24

8 / 3 1/2

Q= 10 pC -> εN=0.1 mm-mrad, σL = 6.5 µm
Q=1pC -> εN=0.1 mm-mrad, σL = 6.5 µm
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FEL simulation: 1.5-48 keV photon
UCLA

Take βB = 6 m, Ipk= 2 kA, Q = 10 pC, σL=2 fs, E=4.6-13.8
GeV, and a 2.5 cm undulator with <1K<3:
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FEL simulation: 48 keV photon
UCLA

Gain curve and spectrum

1.5-48 keV FEL @ LCLS
FLS, SLAC, 03/01-05, 2010
3/3/2010
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jhwu@slac.stanford.edu
Juhao Wu, SLAC
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FEL simulation:
1.5 keV photon,
nearly single spike.
Reducing the charge would
make it single spike.

UCLA

3/3/2010

ICFA FLS 2010,
C Pellegrini

15

UCLA

Example 2: Low charge, compact FELs for fs
and soft/hard X-ray pulses

 The possibility of producing low charge, pC range, ultra-short, submicrometer, electron bunches with small emittance and high
brightness, combined with velocity compression opens new
possibilities to design and build compact, lower cost free-electron
lasers, to produce high intensity, femtosecond long, coherent X-ray
pulses in a wide wavelength range.
 The system would be optimized for short pulses, but not for other
operation modes.
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FEL benefits of low charge electron bunches
for femto-attosecond X-ray pulses

• Reducing the emittance we can reduce the electron beam energy
for the same wavelength.
• The two effects combine to give a larger FEL parameter and a
shorter gain length.
• Velocity + magnetic compression can be used to reduce the
bunch and photon pulse duration to the femtosecond range.
• Lower energy and shorter gain length reduce the length of the
linac and undulator, and minimize the FEL cost.

3/3/2010
May
18, 2009

ICFA
C. Pellegrini,
FLS 2010,
C Pellegrini
UCLA
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FEL benefits of low charge electron bunches
for femto-attosecond X-ray pulses

•Reducing the bunch length to a value smaller than the cooperation
length gives full transverse and longitudinal coherence of the
photon pulse.
•Seeding with a laser pulse longer than the bunch length can be
used to stabilize the SASE intensity fluctuations
•Coherent radiation from the bunch near the visible can be used for
synchronized pump-probe experiments.
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Example: a compact soft X-ray FEL using off
the shelf components

UCLA

•
•
•
•
•
•
•

Beam energy 1.4 GeV
S-band injector+X or C-band linac, length <35 m
1.5 cm period, K=1, undulator, length 15 m
Bunch charge, 1-20 pC
Pulse length, 1 to few fs
Number of coherent photons/pulse, 1010-1012
Linac repetition rate, 120 Hz (or up to 1 kHZ for a
longer linac)
• Synchronization to external laser using the coherent
radiation from the electron bunch after compression.
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Low charge electron bunches for ultra-short
X-ray pulses

SPARX: E=2 GeV, λ=3 nm, Single spike σB=0.48 µm (1.6 fsec),
2x1010 photons in the pulse. (S. Reiche, Musumeci, Rosenzweig,
Pellegrini, NIM A 593, 45 (2008))
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LCLS 1pC example: attosecond pulses.
UCLA

! = 0.15nm,
" E = 10 #4 ,
" L = 160nm(530as).

Beam current profile

Peak power vs. z

Single spike at saturation, with 1010 photons.
Beam brightness~ 4x1017 A/m2 rad2 compared to 6x1015 A/m2 rad2
for the 1 nC design case.
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LCLS at low charge, short pulses
UCLA

20 pC

! = 0.15nm

20 pC

! = 1.5nm

Y. Ding and the LCLS group, SLAC, and C. Pellegrini, UCLA,
2009 Part. Acc. Conf.; Y. Ding et al. Phys. Rev. Lett.102, 254801
(2009)
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LCLS at low charge, short pulses
UCLA

Y. Ding and the LCLS group, SLAC, and C. Pellegrini, UCLA,
2009 Part. Acc. Conf.
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Example 3: A really compact soft X-ray
FEL, or what a friend of mine called a
“provocation”

UCLA

CO2 laser undulator
Gun, accelerator,compressor
Electron bunch
σL=0.3µm
σR=1.4 µm
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Waist w=170µm in
vacuum

24

Beam, und. parameters
UCLA

Electron energy 51 MeV
Bunch charge= 1pC
εN= 6x10-8 m
Peak current =750 A
σL= 0.5 fs
ΔE/Erms = 3x10-4
Und. Parameter K=1
βfocusing=3mm

FEL parameter
λ=1nm
ρ=1.5x10-3
Gain length= 0.45 mm
Saturation power= 40 MW
Coherent photons 108
Laser power=2.6 TW

Can we produce this beam today? No, but it is not too far away!
Can we reduce the CO2 power and energy/pulse? Yes, if we can
guide the CO2 beam.
3/3/2010
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What Gun-accelerator system could we use for our FEL?
UCLA

An attractive option is offered by the dielectric laser accelerator,
being developed (E. Colby) here and at UCLA (G. Travish) (see
their talks at this workshop), that fit naturally the very low
charge and emittance, sub-femtosecond requirements of our
Compact FEL.
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Structure	
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  for	
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Examples of laser accelerator structures (Courtesy E. Colby)
The accelerator, undulator system would easily sit on a table. It
would be a nice “university lab” size instrument, usable by
undergraduate and graduate students.
Great resarch project!
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4. Miscellaneous
UCLA

1. Tapering for seeded FELs to extract more energy and more
photons from the electron beam.
2. New theoretical ideas to improve the efficiency of the
radiation-electron coupling: beyond the present (very
successful) FEL theory.
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Conclusions
UCLA

1. The progress made during the last decade, allows us to design
and build with great confidence FEL user facility with unique
characteristics of coherence and high peak power over a wide
wavelength region, from 100 to less than 0.1 nm.
2. These facility can provide photon pulses with high repetition
rate, pulse duration from a few hundred to less than 1 fs, and
have near diffraction limited transverse coherence and near
FTL longitudinal coherence.
3. The number of coherent photons/pulse and other characteristics
can be tailored to the experiments to explore in a novel way
biological, physical and chemical phenomena.
4. Systems providing only a subset of these characteristics, in
particular short pulses, can be built at lower cost.
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Conclusions
UCLA

5. Ongoing research on novel accelerators, and electron beam
injectors can lead in the future to very compact, FELs.
6. Support for accelerator and FEL research and training of
students in this field is strongly needed to realize the full
potential of future light sources. A strong university-national
laboratory and access to research facility is needed.

3/3/2010

ICFA FLS 2010,
C Pellegrini

30

