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New Features in v2.0

· Bessel Beams 

· Binary Collision Module

· Tunnel (ADK) and Impact Ionization

· Dynamic Load Balancing
· PML absorbing BC

· Optimized higher order splines

· Parallel I/O (HDF5)

· Boosted frame in 1/2/3D

osiris framework

· Massivelly Parallel, Fully Relativistic 
Particle-in-Cell (PIC) Code 

· Visualization and Data Analysis Infrastructure
· Developed by the osiris.consortium

⇒  UCLA + IST

OSIRIS 2.0

Ricardo Fonseca: ricardo.fonseca@ist.utl.pt
Frank Tsung: tsung@physics.ucla.edu

http://cfp.ist.utl.pt/golp/epp/ 
http://exodus.physics.ucla.edu/

mailto:ricardo.fonseca@ist.utl.pt
mailto:ricardo.fonseca@ist.utl.pt
mailto:tsung@physics.ucla.edu
mailto:tsung@physics.ucla.edu
http://cfp.ist.utl.pt/golp/epp
http://cfp.ist.utl.pt/golp/epp
http://exodus.physics.ucla.edu/
http://exodus.physics.ucla.edu/
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Beam-driven
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Existing know how @

Ultrashort beam diagnostics
Applications in
photon science 

Conventional accelerator 
design and beam transport

Long-term goal
Applications in

high-energy physics 

Reliable, tunable beam sourcesDevelopment towards



Stability key in XUV-emission from an LPA driven undulator

NATURE PHYSICS DOI: 10.1038/NPHYS1404 LETTERS
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Figure 1 | Experimental set-up. A laser pulse (red) is focused into a gas cell, in which plasma waves accelerate electrons (yellow) to energies of several
hundred megaelectronvolts. The electron beam is collimated by a pair of quadrupole lenses. Plasma radiation and the laser beam are blocked by a 15 µm
aluminium foil. The electrons propagate through an undulator and emit soft-X-ray radiation into a narrow cone along the forward direction (blue). The
radiation is collected by a spherical gold mirror and characterized by a transmission grating in combination with an X-ray CCD camera. Stray light is
blocked by a slit in front of the grating. The pointing, divergence and spectrum of the electron beam are diagnosed by phosphor screens.
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Figure 2 | Effect of the magnetic lenses. a, Divergence of electrons traversing the magnetic lens assembly with energies of 190MeV (red), 215MeV
(yellow) and 240MeV (blue). b, Simulated normalized on-axis flux of the fundamental undulator emission versus electron energy ∼260 cm downstream
from the undulator exit (at the position of the detector). The narrow bandwidth of 9% FWHM is due to the energy-dependent electron-beam divergence
introduced by the magnetic lenses. c, Measured electron spectrum (blue) corresponding to the undulator spectrum of Fig. 3. The effective electron
spectrum (green) is determined by the product of the measured spectrum (blue) and the system response curve (red in b,c). It has a bandwidth of 6%
FWHM and a peak at 207MeV.

In our experiment, the electron accelerator is driven by pulses
from a 20 TW (850mJ in 37 fs) laser system (see the Methods
section). Focused into a hydrogen-filled gas cell with a length of
15mm (Fig. 1), they produce stable electron beams showing a
quasi-monoenergetic energy spectrum with a stable peak in the
range of 200–220MeVand 7 pCof charge in thewhole spectrum.

For electron-beam transport from the plasma accelerator to
the undulator, we use a pair of miniature permanent-magnet
quadrupole lenses, which has proven to be a critical system
component for stable, reproducible operation of the undulator
source for two reasons. First, they reduce the angular shot-to-shot
fluctuations of the electron beamby an order ofmagnitude. Second,
the lenses also act as an effective energy-band-pass filter for the

undulator radiation and thus lower the photon-energy bandwidth
and fluctuations. These benefits arise from the chromaticity of the
lenses, which means that only electrons with a particular energy
are collimated, whereas the divergence of electrons with different
energies markedly increases (Fig. 2a). As each individual electron
emits its radiation in a narrow cone along its propagation direction,
the whole photon beam has the approximate size and divergence
of the emitting electron bunch. For that reason, it is possible to
control the on-axis photon fluxwith themagnetic lenses by focusing
the electron beam. In future applications, a small spot size on the
target can therefore be achieved even for hard X-ray beams without
the need for lossy optical focusing elements. For our set-up, a
slightly convergent electron beam at ∼210MeV yields the highest

NATURE PHYSICS | VOL 5 | NOVEMBER 2009 | www.nature.com/naturephysics 827

M. Fuchs et al., Nature Physics 5, 826 (2009)

Undulator parameters
1.2 mm gap, K = 0.55
λu  = 5 mm, 60 periods

Laser pulse parameters
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Figure 3 | Single-shot spatially resolved undulator spectrum.

a, Smoothed representation of the zeroth and the ± first diffraction order of

the measured undulator spectrum corresponding to the electron spectrum

of Fig. 2c. It consists of a fundamental peak at 17 nm and a second

harmonic peaked at 9 nm, with a high energy cutoff at ∼7 nm. The

theoretical parabolic dependence of the wavelength on the observation

angle Θ is shown by solid lines. An electron energy of 207MeV

corresponding to the peak of the effective electron spectrum of Fig. 2c was

used as a parameter. For the different emission characteristics of the

second harmonic, our simulation yields an on-axis radiation spectrum

peaked at a wavelength of 9.2 nm, which defines the parameter chosen for

the corresponding parabola. b, On-axis lineout summed over 10 pixel rows

around Θ =0 (blue) and the underlying raw data (red).

on-axis photon flux at the detector, whereas deviations of a few
tens of megaelectronvolts cause this flux to drop sharply (Fig. 2b).
Thus, the magnetic lenses limit the energy range of electrons that
primarily contribute to the undulator radiation and therefore define
an ‘effective’ electron spectrum (Fig. 2c).

The influence of the electron-beam divergence on the angular
flux of the undulator radiation at the position of the detector
was computed with the code SRW (ref. 25), taking into account
all beamline components (see the Methods section) to generate a
‘system response’ curve (Fig. 2b). An effective electron spectrum
can be determined by multiplying this system response curve with
the measured electron spectrum (shown in Fig. 2c). This effective
band-pass filtering reduces the shot-to-shot fluctuations of the
spectral width and mean photon energy of the undulator emission
as well as the bandwidth of an individual shot significantly below
those of the corresponding electron spectra. For example, the
fundamental spectrum of a single shot, shown in Fig. 3, shows a
bandwidth of 22% (full-width at half-maximum, FWHM) at an
observation angle of Θ = 0 (after deconvolving the instrument
function deduced from the zeroth diffraction order), whereas a
bandwidth of 65% would be expected without the filtering of the
lenses. In 70% of consecutive laser shots we observed undulator
spectra, whereas in the remaining 30% the amount of charge
in the effective electron spectrum was insufficient to produce
enough radiation. The average charge within the effective electron
spectrum was 0.6 ± 0.3 pC, which produced 70,000 ± 25,000
photons in the undulator fundamental, integrated over a detection
cone of K/(2γ ) = ±0.7 mrad, leading to a bandwidth of 30%
FWHM. The observed spectra show a fundamental wavelength at
18 nm and a second harmonic peak at 10 nm with shot-to-shot
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Figure 4 |Undulator wavelength versus electron energy. Detected
fundamental undulator radiation wavelengths plotted against the

corresponding maxima of the effective electron spectra (determined by the

method of Fig. 2c). The green and blue points correspond to consecutive

shots with two different positions of the magnetic lenses, demonstrating

the wavelength-tunability of the source (see Supplementary Information).

The error bars arise from measurement errors of the electron spectrometer,

the X-ray spectrometer, magnetic lens distances and the undulator field.

The asymmetric error bars of the blue points are due to a non-zero angle of

the electron beam with the spectrometer axis. The red points represent

shots that lie outside the stable electron acceleration regime. The

theoretical behaviour described in equation (1) is shown as a solid line.

standard deviations of about 5%. The wavelength of the second
harmonic is slightly longer than half the fundamental owing to
its emission characteristics. In contrast to the fundamental, its
flux distribution is peaked off-axis19 (Θ > 0) with correspondingly
longer wavelengths according to equation (1). Owing to the
horizontally focusing mirror, these components are propagated
through the slit onto the detector, shifting the peak of the observed
on-axis spectrum to longer wavelengths.

Figure 3 shows the spectral and angular distribution of undula-
tor radiation measured in a single shot. The parabolic dependence
of the wavelength on the observation angle Θ as predicted by
equation (1) (see solid lines in Fig. 3a), is in excellent agreement
with the measured data. From the spectrum shown in Fig. 3,
we deduce (see the Methods section) that our source delivers
8,200± 3,100 photons per shot per mrad2 per 0.1% bandwidth.
An analytical estimation for the on-axis peak intensity in units of
photons per shot per mrad2 per 0.1% bandwidth for an undulator
with a deflection parameter of K < 1 is approximately given by19
Nph ≈1.744×1014N 2

u ·E2(GeV)·Qe ·K 2/(1+K 2/2), whereNu is the
number of undulator periods, E is the electron energy andQe is the
charge of the electron bunch. According to this estimate, a charge
of 1.3 pC in the effective electron spectrum (green curve in Fig. 2c,
which produced the undulator spectrum of Fig. 3) corresponds to
9,500± 2,100 photons per shot per mrad2 per 0.1% bandwidth.
(The error is due to uncertainties in the calibration of the charge
measurement and in the lens settings, both of which determine
the amount of charge in the effective spectrum.) From the mea-
sured electron-beam divergence of ∼1mrad and source diameter
of ∼2 µm (derived from numerical simulations23 and plausibility
arguments involving the wakefield dimensions), we estimate the
normalized electron-beam emittance as εn = 0.8πmmmrad. For
the central energy of the effective electron spectrum, this translates
to a root-mean-square (r.m.s.) photon-beam size of 270 µm ver-
tically and 630 µm horizontally in the undulator, with respective
r.m.s. divergences of 180 and 170 µrad. Assuming a duration of
10 fs for the undulator radiation pulse, these estimates yield a peak
brilliance of ∼1.3× 1017 photons per second per mrad2 per mm2

per 0.1% bandwidth.

828 NATURE PHYSICS | VOL 5 | NOVEMBER 2009 | www.nature.com/naturephysics
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Resonance condition:

• 70% of all laser shots resulted in an 
undulator XUV signal

• Estimated peak brillance
1.3×1017 (s mrad2 mm2 0.1% BW)-1

850 mJ, 37 fs FWHM
23 µm focus FWHM



A steady-state-flow gas cell stabilizes plasma conditions

Spectral reproducibility

Beam divergence
0.9 mrad RMS

J. Osterhoff et al.,
Phys. Rev. Lett. 101, 085002 (2008)

Acceleration results Gas cell

Peak energies

Energy fluctuations

Energy spread

Peak charge

Charge fluctuations

Divergence

Pointing stability

Injection

220 MeV

± 2.5 %

> 2 % RMS

~ 10 pC

±16 %

0.9 mrad RMS

1.4 mrad RMS

~ 100 %

✓ LWFA record

✓ LWFA record

✓ LWFA record

✓ LWFA record

…in 2008
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a) mildly nonlinear wake → no dark current 
b) control of phase space population
by controlled injection:

density downramp injection {Bulanov et al., Phys. Rev. E 58, 
R5257 (1998); Geddes et al., Phys. Rev. Lett. 100, 215004 (2008)}
well-localized ionization injection {Umstadter et al., Phys. Rev. 
Lett. 76, 2073 (1996); Pak et al., Phys. Rev. Lett. 104, 025003 (2010)}
counterpropagating laser pulses {Esarey et al., Phys. Rev. Lett. 79, 
2682 (1997); Faure et al., Nature 444, 737 (2006)}
external beam injection {Dewa et al., Nucl. Instrum. & Methods 
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Strategy towards stable electron-beam sources

Electron beam fluctuations originate from

variations in
laser pulse parameters

(spatial and temporal energy profiles, pointing)

variations in
plasma parameters

(mainly three-dimensional density profile)amplified through
nonlinear processes

(laser self-modulation effects, wavebreaking)

maximize laser stability
→ will have dedicated
laser engineer working
on this issue

use resonant laser pulses
below critical power

a) mildly nonlinear wake → no dark current 
b) control of phase space population
by controlled injection:

density downramp injection {Bulanov et al., Phys. Rev. E 58, 
R5257 (1998); Geddes et al., Phys. Rev. Lett. 100, 215004 (2008)}
well-localized ionization injection {Umstadter et al., Phys. Rev. 
Lett. 76, 2073 (1996); Pak et al., Phys. Rev. Lett. 104, 025003 (2010)}
counterpropagating laser pulses {Esarey et al., Phys. Rev. Lett. 79, 
2682 (1997); Faure et al., Nature 444, 737 (2006)}
external beam injection {Dewa et al., Nucl. Instrum. & Methods 
Phys. Res. A 410, 357 (1998); Dorchies et al., Phys. Plasmas 6 2903 (1999)}

develop stable, tailored
plasma sources



A. Popp et al., Phys. Rev. Lett. 105, 215001 (2010)

Intensity or pulse-front tilt usually originates from laser angular 
chirp (AC) caused by an imperfect stretcher/compressor alignment
• hard to diagnose
• small amounts of AC have large effect on the stability of LPAs

Eliminating laser intensity-front tilt increases stability
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A. Popp et al., Phys. Rev. Lett. 105, 215001 (2010)

Collective beam oscillations
→ way to tailor betatron radiation?
→ useful for beam cooling?

Intensity or pulse-front tilt usually originates from laser angular 
chirp (AC) caused by an imperfect stretcher/compressor alignment
• hard to diagnose
• small amounts of AC have large effect on the stability of LPAs

Eliminating laser intensity-front tilt increases stability



Proposed plasma acceleration activities at DESY

Laser-driven plasma acceleration

Beam-driven plasma acceleration

Photon science
applications

(FELs, hard x-ray sources)

Post-acceleration of
beams from conventional sources

Novel beam diagnostics
to measure pulse duration,

slice energy spreads

From the start:

Long-term:
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Post-acceleration of
beams from conventional sources

Novel beam diagnostics
to measure pulse duration,
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External beam injection offers control and reliability
Post-acceleration of tailored beams from conventional sources in a plasma allows to

start from a well-characterized, 6d-tunable (space and momentum), stable electron beam
→ shaped and chirped beams to control beam-loading effects and final energy spread

fine-tune the plasma-wave phase-space population
→ gives control over charge, emittance, energy spread

operate the wake in a mildly nonlinear regime (a0 ≈1) and prevent dark-current generation

accelerate positrons



External beam injection offers control and reliability
Post-acceleration of tailored beams from conventional sources in a plasma allows to

start from a well-characterized, 6d-tunable (space and momentum), stable electron beam
→ shaped and chirped beams to control beam-loading effects and final energy spread

fine-tune the plasma-wave phase-space population
→ gives control over charge, emittance, energy spread

operate the wake in a mildly nonlinear regime (a0 ≈1) and prevent dark-current generation

accelerate positrons

Requirements:

Spatial and temporal matching
→ electron bunch length must be a fraction of λp

→ transverse size must be smaller than transverse wake

Spatial and temporal overlap jitter must be small
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Background plasma

Trapped
states

Possible experiments: mapping of wake phase space

Time-delay scan between laser pulse and electron beam allows for sampling of wake phase space
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Possible experiments: tailored betatron radiation source

e-

Control transverse offset between laser pulse and 
electron bunch for tailored betatron sources

VI.III Formation of electron-betatron oscillations 99

1995]. For more in-depth information about particle-in-cell formalisms, techniques and back-
ground knowledge refer to e.g. Pukhov [2003].
Nowadays, PIC calculations are extensively used in laser-plasma physics. Examples of sophisti-
cated codes are VLPL [Pukhov 1999], VORPAL [Nieter and Cary 2004], ILLUMINATION
[Geissler et al. 2006] and OSIRIS [Lee et al. 2000]. The latter tool is utilized in section
VI.IV to trace back energy-dependent pointing variations in a laser-wakefield accelerated elec-
tron beam to originate from betatron oscillations induced by angularly chirped laser pulses.

VI.II Formation of electron-betatron oscillations

Electron-betatron oscillations may emerge due to the radial restoring forces acting inside the
electron void behind a wake-driving laser pulse (confer Panofsky-Wenzel theorem in section
I.IV.I). In such a scenario, transversely injected relativistic electrons feature transverse momenta
when initially trapped into the wave bucket, and subsequently oscillate around the on-axis
potential minimum of that channel for as long as the wake structure stays intact [Whittum
et al. 1990]. Their oscillation frequency ωβ = ckβ for small radial-excursion amplitudes rβ � k−1

β

is given by [Esarey et al. 2002]:
ωβ = ωp√2γ

As a result, these continuously oscillating electrons emit synchrotron radiation of wavelength:

λX �
λβ

2γ2Nβ

�

1 +
K2
β

2

�

(6.2.1)

Here, Nβ denotes the harmonic number. As may be seen, this expression describes a wavelength
scaling equivalent to that of undulator radiation (cf. sec. VII.I), and consequently there exists a
plasma-wiggler strength parameter Kβ = γkβrβ, which in analogy to the undulator parameter
K determines the appearance of betatron radiation for harmonics larger than unity for Kβ → 1
[Esarey et al. 2002; Kiselev et al. 2004]. Such an emission has been experimentally confirmed
for photon energies in the keV-range [Rousse et al. 2004]. Moreover this radiation source
has been proposed for the construction of an ion-channel X-ray laser (ICL) [Whittum et al.
1990] with an operation principle similar to that of a SASE-FEL [Kondratenko and Saldin
1979; Bonifacio et al. 1984]. Unfortunately, the concept of a SASE-ICL is hard to realize,
since unlike in a SASE-FEL, for which K does not depend on electron beam parameters, Kβ
is a function of both γ and rβ. Owing to the predominantly transverse injection mechanism
occurring after bubble formation, and thus strongly varying transverse momenta for the injected
electrons and therefore differing rβ, each electron will experience a different Kβ, which places
serious constraints on the realizability of the ICL concept. However, a narrow energy-spread
electron bunch, which is trapped at an off-axis position inside the wakefield bucket, may allow to
overcome this issue [Esarey et al. 2002]. PIC simulations showing the feasibility of an off-axis
injection by means of controlling the laser pulse angular chirp are reported in sec. VI.IV.

will affect the emitted photon spectrum
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External injection needs carefully prepared e--beams

DESY offers extensive know how in beam-to-laser synchronization and short-pulse accelerator design

FLASH at 1.2 GeV
short bunch operation in preparation, laser synchronized to within 40 fs and improving

PITZ at 20 MeV
short bunch operation with ~10 fs should be possible, laser synchronized

REGAE at 5 MeV
explicitly being built for laser-sync’ed, short bunch operation of ~10 fs at low charge

Available machines
→ S. Schreiber’s talk



PITZ Collaboration Meeting, Zeuthen,             December 7th, 2010,                Frank Stephan (DESY) 
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Optimization of REGAE beam dynamics is ongoing
Relativistic Electron Gun for Atomic Exploration

(REGAE)

Layout of REGAE 

Rf-gun cavity 

3 GHz S-Band 

Gradient on cathode 
! 110MV/m 

50 Hz rep rate 

~5 "s pulse length 

Buncher cavity 

3 GHz S-Band 

3-cell 

average Gradient 
~15-20 MV/m 

Cavities and RF Coppler 

Synchronized to a 

kHz Ti:sapph laser system

tunable IR laser system

Simulation Parameters: 

•  transversely uniform distribution, longitudinally uniform 

•  Charge: 80 fC (5!105
 electrons)   

Parameters for previous beam dynamic simulation

Simulation Parameters: 

•  transversely uniform distribution, longitudinally uniform 

•  Charge: 80 fC (5!105
 electrons)   

7 fs  

~2m



Optimization of REGAE beam dynamics is ongoing
Relativistic Electron Gun for Atomic Exploration

(REGAE)

Layout of REGAE 

Rf-gun cavity 

3 GHz S-Band 

Gradient on cathode 
! 110MV/m 

50 Hz rep rate 

~5 "s pulse length 

Buncher cavity 

3 GHz S-Band 

3-cell 

average Gradient 
~15-20 MV/m 

Cavities and RF Coppler 

Synchronized to a 

kHz Ti:sapph laser system

tunable IR laser system

Simulation Parameters: 

•  transversely uniform distribution, longitudinally uniform 

•  Charge: 80 fC (5!105
 electrons)   

Parameters for previous beam dynamic simulation

Simulation Parameters: 

•  transversely uniform distribution, longitudinally uniform 

•  Charge: 80 fC (5!105
 electrons)   

7 fs  

Short beams at low charge for injection into a laser plasma booster seem feasible
→ more detailed beam dynamics studies of PITZ and REGAE are needed

~2m



Laser pulse properties
a0 = 1.7

λ = 800 nm
τ = 30 fs FWHM

w = 60 μm FWHM

Plasma background density
n = 1×1017 cm-3

Electron beam properties
τ = 10 fs RMS
σtrans = 10 µm

Q = 1 pC
E = 5 MeV
ΔE = 33 keV

…first 24 mm in 2d space

First PIC simulations show promising results
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First PIC simulations show promising results

Charge density Charge density

Energy spectrum

5 MeV → 185 MeV in 25 mm
effective gradient of 7.2 GV/m



A Petawatt laser opens up new possibilities at FLASH
e.g. for 4D imaging of 

electronic motion in atoms, 
molecules and solids

Target

Synchronized
Petawatt laser

Attosecond, keV high 
harmonic generation 

from surfaces
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Laser ion accelerator
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Useful for other projects:

Nonlinear QED
see A. Ringwald’s talk

Surface-HHG generation
for seeding of FELs
see M. Zepf’s talk



The FLASH beam as a driver for plasma acceleration? 

→ use short, stiff, high average 
power electron beams to 
excite plasma wake, second 
beam to witness energy gain 

simulations by the 
FACET team at SLAC



The FLASH beam as a driver for plasma acceleration? 

Why investigate beam-driven plasma acceleration?

High-energy physics applications will not be realized with lasers in the foreseeable future…

→ use short, stiff, high average 
power electron beams to 
excite plasma wake, second 
beam to witness energy gain 

simulations by the 
FACET team at SLAC



FLASH facility ideally suited for 
beam-driven plasma acceleration

FLASH
FLASH II A FLASH plasma accelerator project would

• advance plasma accelerator science
• rely on and hence advance
- short-pulse beam operation
- short-pulse beam diagnostics
- temporal pulse-shaping capabilities

(also interesting for FEL operation)

Proposal: FLASH beam as a driver for plasma acceleration

FACET at SLAC in operation until 
2016/17, when LCLS II is finished

Timeframe when FLASH plasma 
accelerator could come online 2014/15

Plasma FLASH ?



Investigate electron pulse shaping techniques for BPA

Downloaded 25 May 2010 to 131.169.205.215. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/proceedings/cpcr.jsp

Downloaded 25 May 2010 to 131.169.205.215. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/proceedings/cpcr.jsp

Multi-electron bunch generation by tailoring gun-laser profile 
in time and appropriate beam compression in a chicane

Joint PITZ@DESY and MBI gun-laser
pulse-shaping project into this direction 

I. Will et al., Opt. Exp. 16,14922 (2008) and 
Nucl. Instrum. Meth. Phys. Res. A 594, 119 

(2008)



Summary

DESY is one of few places worldwide with simultaneous know how in 
RF-gun and short-pulse accelerator design, short-pulse beam diagnostics, 
laser to beam synchronization, and photon science
→ great possibilities for and synergies with plasma acceleration

DESY efforts have just started to pursue and advance plasma acceleration 
science towards:
- Laser-plasma boosting of conventional, high-quality electron beams
- Standalone laser-plasma acceleration (not presented here)
- Electron-beam driven plasma acceleration



Plasma accelerators:A Global Community           
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Laser Wake Expts Electron Wake Expts e-/e+ hi ! Wake Expts 

original slide by C. Joshi

Laser & beam-driven Wake Expts + RF-accelerator science



European Network on Novel Accelerators (EuroNNAc)

More details → R. Assmann’s talk yesterday

Initiative by EuCARD, CERN, DESY, École Polytechnique

Coordinators: R. Assmann, J. Osterhoff, H. Videau

Scope: “Plasma wakefield acceleration and direct laser acceleration of electrons and positrons”
(which includes laser, electron, proton drivers)

Presently forming organization committee

Network is open to all interested parties in Europe!

Network invites main actors in Asia/US for discussions and decisions!

EuroNNAc should bring together:
Big science labs and smaller R&D labs (difference in priorities and possibilities)
Different driver technologies

Goals: build network and prepare significant FP8 proposal for big novel accelerator(s) in 2013

http://www.cern.ch/euronnac 

EuroNNAc Workshop will be held May 2-6, 2011 at CERN

http://www.cern.ch/euronnac
http://www.cern.ch/euronnac


Thank you for your attention!


