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Hydrodynamische PlasmakanäleHydrodynamic Channels Guided Unaberrated

Modes at Relativistic Intensity
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Plasma-Wellenleiter

lated metal waveguide, guided-wave phase velocity vp
=! /k is greater than c, so a charged particle would be ac-
celerated and then decelerated as the wave oscillations
pass the particle, giving zero net acceleration. However, a
modulated structure can have an effective k, as discussed
above, large enough to give vp"c so that the particle and
wave speeds can be matched. Called a slow-wave struc-
ture, this type of guide finds wide application in both ac-
celerators and microwave sources [17].

Another view of this matched interaction—called quasi
phase matching—is that the wave speeds up and slows
down in successive half-periods of the modulation in such
a way that the partial acceleration in the first half is not
completely canceled by deceleration in the second half.
For a number of applications, quasi phase matching is en-
abled not only by the modulations in linear dispersion but
also by the accompanying laser intensity modulations. In
low-intensity guided-wave optics, periodic modulation in
the material’s optical nonlinearity or refractive index
makes possible the quasi-phase-matched generation of
low-order harmonics of the fundamental pump wave
[18–21]. At higher intensity !"1014–1015 W/cm2#, modu-
lated, gas-filled hollow core fibers have been used for the
generation of extreme-ultraviolet high harmonics [22].

We recently achieved the first ever high-intensity opti-
cal guiding in an extended corrugated plasma slow-wave
structure. The application of these structures to coherent
electromagnetic-wave generation was first discussed in
[23]. Spontaneous but uncontrolled modulated channels
were reported in [24]. We have produced exceptionally
stable plasma waveguides with adjustable axial modula-
tion periods as short as 35 #m, where the period can be
significantly smaller than the waveguide diameter. The
axial modulations can also be extremely sharp and deep,
with nearly 100% modulation in plasma density. We have

measured guided propagation at intensities up to 2
$1017 W/cm2, limited only by our current laser energy
and waveguide leakage.

Figure 1 shows the experimental setup. Initially, un-
modulated waveguides were generated in cluster jets [25]
using lowest-order !J0# Bessel beam pulses produced by
an axicon-focused beam from a 10 Hz, 1064 nm, 100 ps
Nd:YAG laser with a pulse energy of 200–500 mJ.

The cluster source in these experiments was a cryo-
genically cooled supersonic gas jet with a 1.5 cm long by
1 mm wide nozzle exit orifice [9]. The 25 mm line-focus
length of the Bessel beam overlapped the 1.5 cm length of
the cluster jet, resulting in 1.5 cm long plasma channels.
Waveguides were injected at f /10 through a hole in the
axicon [Fig. 1(a)] with a 70 mJ, 70 fs, 800 nm Ti:sapphire
laser pulse synchronized [26] and delayed with respect to
the channel-generating Nd:YAG pulse. A small portion of
this pulse !"1 mJ# was split off into a delay line, directed
transversely through the waveguide, and then imaged
through a femtosecond folded-wavefront Michelson inter-
ferometer onto a CCD camera. Electron density profile
images of the evolving corrugated waveguide were ob-
tained by phase extraction of the time-resolved interfero-
grams, followed by Abel inversion.

To impose axial modulations on the plasma channel, a
transmissive ring grating (RG) and associated imaging
optics were centered in the path of the Nd:YAG laser
pulse. The RGs used in these experiments were litho-
graphically etched fused-silica disks with variable groove
period, groove structure, and duty cycle. The ring grating
shown in Fig. 2(b), used to generate the waveguide shown
in Fig. 1(c), is a set of concentric rings regularly spaced
with a radial period of 10 #m, a groove depth of 1 #m, and
a duty cycle of "70%. The axicon projects the diffraction
pattern produced by the RG onto the optical axis, leading
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Fig. 1. (Color online) Experimental geometry: Radially modulated Nd:YAG laser pulse (200–500 mJ, 100 ps, 1064 nm) from a ring grat-
ing imaging system (not shown) focused by an axicon onto a liquid-nitrogen-cooled elongated cluster jet target, generating a 1.5 cm long
corrugated plasma channel. (a) Ti:sapphire laser pulse guided down the channel at an adjustable delay with respect to the Nd:YAG pulse.
A 1 mJ portion of the 70 fs, 800 nm pulse was directed transversely through the corrugated guide and into a folded wavefront Michelson
interferometer for time-resolved interferometric and shadowgraphic images. Phase images of channels with (b) a 300 #m modulation
period in argon clusters; (c) a 35 #m period in air; and (d) a single, deep corrugation in nitrogen clusters. (e) Lowest-order exit mode from
the guide of Fig. 3(b)(1ii).
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Plasmabeschleunigung in Kapillaren
field of the wake Ew is proportional to n1=2e , the electron
energy We / Ewd increases accordingly as does the num-
ber of electrons above 100 MeV. In addition, a more
efficient electron trapping with higher density increases
the total amount of accelerated charge. With ne approach-
ing n0e, the dephasing length converges to d with ld !
4 mm, representing the longest distance over which elec-
trons are accelerated and setting a lower limit on the length
over which the laser pulse is self-guided. This constitutes
the transition to a dephasing-limited regime for densities
ne > n0e, in which ld < d and We / Ewld / 1=ne. Thus, Q
decreases with higher density. Alongside dephasing, a
lower beam-loading threshold with increasing plasma den-
sity diminishes the total amount of accelerated charge. The
decreased stability for ne > n0e can be ascribed to a grow-
ing deviation from the LWFA resonance condition !p=L !
2, leading to filamentation and temporal laser breakup.

The onset of the filamentation processes can be observed
in some of the energy-resolved electron beams obtained at
n0e [cf. Fig. 3(a)]. False-color images of S2 show the
dispersed bunches accelerated by 40 consecutive laser
shots. It may be seen that every shot led to electron
acceleration. The electron spectra in this regime exhibit a
plateau background of 22" 5 pC with a quasimonoener-
getic peak containing 10" 4 pC of charge at 198"
12 MeV appearing in 80% of the cases [Fig. 3(b)]. These
features are stable in energy with a standard deviation of
6% for the electron peak and 3% for the high-energy cutoff
at 217" 6 MeV. The energy spread of the peak !E=E
amounts to 8.2% FWHM, with !E ! 16:3 MeV.
At a decreased density of ne ! 6:8# 1018 cm$3, the

plateau vanishes, and only the quasimonoenergetic part
remains [Fig. 3(c)]. This comes at the expense of a reduced
peak charge (7" 3 pC), reduced electron energy (122"
3 MeV), and a reduced injection probability (71%), which
indicates that the laser pulses are only just above the
injection threshold. Remarkably, the peak energy stability
improves to 2.5% rms. To our knowledge, this is the best
shot-to-shot reproducibility in an LWFA experiment
achieved to date. The remaining variations in the accelera-
tion process can be attributed not only to residual gas
fluctuations, laser shot-to-shot jitter in energy (%2:0%
rms), and pulse duration but also to electron pointing
deviations into the dipole magnet introducing an uncer-
tainty, which will be investigated in the following.
The accumulated signal of 74 electron bunches and the

locations of their maxima on S1 are presented in Fig. 4(a).
Here the beam pointing within the spectrometer deflec-
tion plane varies by 1.4 mrad rms. For a fixed electron
energy, this fluctuation translates into apparent energy
fluctuations on screen S2 with standard deviations of
1.7% at 122 MeV (ne ! 6:8# 1018 cm$3) and 3.1% at

FIG. 3 (color). (a) False-color images of 40 consecutive, spatially dispersed electron beams on S2 (ne ! 7:3# 1018 cm$3) [sample
spectra in (b)]. (c) Exemplary spectra for ne ! 6:8# 1018 cm$3. Ten consecutive images of S2 are presented in the inset. The color
scale is normalized for each shot.
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FIG. 2. The negative charge Q of high-energy electrons (>
100 MeV) as a function of the plasma density ne. Each data
point is averaged over up to 50 shots. The inset displays the
relative shot-to-shot standard deviation "Q of charge Q vs ne.
Empty circles represent the charge contained within the peaks.
Shaded areas: Electron beams are predominantly quasimonoe-
nergetic.
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the electron beams. Experiments with different diameter
gas cells of 200–300 !m yielded similar results, suggest-
ing that unlike in Ref. [6] the waveguide properties of these
structures do not play a prominent role here. Figure 1(a)
shows the cell cross section and a sketch of the experimen-
tal setup. The channel was filled with hydrogen passing
through a valve and two gas slots at backing pressures of up
to 490 mbar. We carried out simulations of the gas flow
using the 2D coupled-implicit-solver version of the
FLUENT code, which solves the Navier-Stokes equations
and in our case uses the "-" model to account for turbu-
lence [16]. The gas cell investigated in this work reduces
target density fluctuations threefold compared to super-
sonic gas jets. First, negligible gas flow occurs within the
central interaction volume. The magnified regions in Fig. 1
(a) display the steady-state flow velocities at the cell en-
trance or exit and center for a typical backing pressure of
130 mbar. An almost perfectly homogeneous and station-
ary gas distribution develops between the inlets covering
80% of the channel length [Fig. 1(b)]. In addition, the
residual flow at the cell exits and supply slots is only mar-
ginally turbulent, and the turbulent kinetic energy " is low.
Second, no supersonic shock fronts propagate through the
medium, a phenomenon which may occur in high-Mach
gas jets. Finally, the valve opening process has no influence
on the actual density distribution inside the channel since
the time it takes the valve to open (!2 ms) is 2 orders of
magnitude smaller than the cell filling time in pulsed
operation (200 ms) and is irrelevant in continuous-flow
mode. A destabilization of the electron-acceleration con-
ditions was observed only for valve opening times below
!50 ms. Thus, initial fluctuations equilibrate before the
arrival of the laser pulse and a steady-state, laminar gas

flow arises resulting in a reproducible, homogeneous gas
distribution.
The driver laser in our experiment, the ATLAS Ti:sap-

phire system at the Max-Planck-Institut für Quantenoptik,
delivered 20 TW, 850 mJ, 42 fs FWHM pulses on target at
a central wavelength of # " 800 nm. As schematically
indicated in Fig. 1(a), the beam was then focused into the
gas cell by an f=22 off-axis parabola to a spot with a
diameter of 23 !m FWHM and a Strehl ratio of >0:7.
This resulted in an average vacuum FWHM focal intensity
of 1:7# 1018 Wcm$2 and a normalized laser vector po-
tential of a0 ¼ 0:89.
The accelerated electrons emerging from the gas chan-

nel were observed at two positions along their trajectories
by 12-bit cameras on scintillating phosphor screens (type
CAWO OG 16). These screens were placed at the entrance
of (S1) and behind (S2) a permanent dipole magnet (field
strength of!0:45 T). S1 detected the electron beam point-
ing and divergence after 1.12 m of propagation. When this
screen was removed, the electrons could enter the spec-
trometer magnet unscattered. S2 then registered the elec-
tron deflection in the magnetic field. The fluorescence
signal of S2 was calibrated using image plates to provide
an absolute charge readout [17]. Three-dimensional par-
ticle tracking simulations for the measured field distribu-
tion of the spectrometer were used to calibrate its energy
dispersion and transverse focusing behavior. We have in-
vestigated the electron beams generated from this setup in
terms of charge, energy, pointing direction, and diver-
gence. The remarkable shot-to-shot stability of these pa-
rameters allowed for systematic studies with meaningful
statistics which will be presented in the following.
Figure 2 displays the negative charge Q of accelerated

particles measured at S2 as a function of ne with energies
&100 MeV. The electron density is deduced from the
hydrogen fill pressure assuming complete ionization
within the laser focus. Electrons are injected into the
wake at densities above !4# 1018 cm$3 facilitated by
laser self-modulation effects (see remarks on simulations
below). At n0e " 7:3# 1018 cm$3, a maximum amount of
charge Q " 32 pC is detected with shot-to-shot fluctua-
tions as low as 16% rms. The data on either side of this
maximum can be interpreted as follows: For densities ne <
n0e, an increase towards n0e in charge and stability is ob-
served. In this regime, the distance d over which injected
electrons interact with the wakefield is governed by the
focusing geometry of the laser modified through relativis-
tic self-focusing and energy depletion effects and not by
the electron dephasing length ld > d (ld ¼ #3

p=#
2 /

n$3=2
e in linear theory). ld is the distance over which the

electrons outrun the accelerating wakefield and start to
decelerate. The laser energy depletion length le / n$1

e

[18] decreases with density as fast as Pcrit / n$1
e .

Therefore, the distance over which the self-focusing effect
can be maintained does not depend on density resulting in
an almost constant acceleration distance. Since the electric
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FIG. 1 (color). (a) Cross section of a capillary. Magnified
parts: Color-coded gas-flow velocities in a steady-state regime
(FLUENT simulation with 130 mbar filling pressure). (b) Calcu-
lated gas-pressure profile (solid line) and the turbulent kinetic
energy " (dashed line) along the central channel axis.
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Teilchenenergien bis 1 GeV

7/26 

Relativistic guiding over 3cm: 

First GeV Electron Beam from LWFA 

!! a0 ~ 1.46 (40 TW, 37 fs) 

!! ne ~ 4x1018 cm-3
,
 Pcrit ~ 7 TW 

1 GeV BEAM!

!! Divergence(rms): 1.6 mrad"

!! Energy spread (rms): 2.5%"

!! Resolution: 2.4%"

!! Charge: 35 pC"

W.P. Leemans et al., Nature Physics 2, 696 (2006); *Simulation using VORPAL" Nakamura WG1!
Cameron Geddes
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Plasmawellen-Beschleunigung
mit Elektronen

U  C  L  A

~ 0.5 µm ~ 10 µm

26

Energiequelle: Elektronenstrahl
• 42 GeV Teilchenenergie
• 3,2 nC Ladung im Teilchenpaket
• Strahlleistung: ∼1015 W = 1 TW
• Leistungsdichte: ∼1024 W/m2 =1 YW/m2 
Plasmaquelle: Lithiumofen
• Teilchendichte: ∼1023 / m3
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    6 mm

0.08 %

    1.2 mm

1.6 %

   50 µm

1.6 %

   12 µm

1.5 %

Plasmabeschleunigung bei SLAC

Beschleunigung, Kompression und Fokussierung des Strahls, um eine 
Spitzenleistungsdichte von 5 YW/m2 zu erreichen

Paul Emma
P. Emma et al., PAC
(2005)

U  C  L  A
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Erste Ergebnisse

Über 3 GeV Energiegewinn
in 10 cm Plasmalänge

M. J. Hogan et al., PRL 95 (2005)

U  C  L  A

28



Rasmus Ischebeck – Beschleuniger jenseits von LHC und ILC, DPG Frühjahrstagung, 2009-03-10


Erhöhung der Plasmalänge auf 30,5 cm

Patric Muggli

P. Muggli et al.,
PAC 2007

U  C  L  A

29



Rasmus Ischebeck – Beschleuniger jenseits von LHC und ILC, DPG Frühjahrstagung, 2009-03-10


1 Meter langes Plasma

Größerer Plasmaofen

Neues Spektrometer
Diagnostik für eingefangene Teilchen

Höhere Energie im einkommenden Elektronenstrahl

U  C  L  A
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Bilder in beiden Spektrometerebenen von
800 aufeinanderfolgenden Ereignissen
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Energieverdopplung

• Plasmalänge: 85 cm
• Dichte: 2,7•1017 cm−3

• Anfangsenergie: 42 GeV
• Spitzenenergie: 85 GeV

I. Blumenfeld et al., Nature 445, p. 741 (2007)

U  C  L  A
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Einfang von 
Plasmaelektronen
• Sehr kleiner Austrittswinkel vom

Plasma:

• Auflösung durch
Kamera begrenzt

Rasmus Ischebeck, Energy Doubling of 42 GeV Electrons. AAC 2006

U  C  L  A
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Historische Entwicklung von Elektronen-
Beschleunigern (Livingston-Graph)

1
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Ein nicht ganz fairer Vergleich

34
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Zu Beschleunigungsstrukturen gehört 
mehr als das Beschleunigungsfeld
•Energiequellen
•Synchronisierung und Ausrichtung
•Erhalt der Emittanz

Zu einem Beschleuniger gehört noch viel 
mehr als die Beschleunigungsstrukturen
•Teilchenquellen (Injektoren)
•Strahldynamik
•Fokussierung auf den Wechselwirkungspunkt
•Detektoren

Einmal gezeigt heißt nicht
für Anwender verfügbar
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Aber
• Der nächste Elektronen-Collider nach ILC lässt sich nicht mit heutigen 

Technologien verwirklichen

36
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