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Übersicht Großforschungsanlagen
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DESY:  

Elektronenspeicherringe DORIS III, PETRA III (2009) – Strahlungsquellen
Elektronenlinacs FLASH, XFEL (2014) – FEL-Strahlungsquellen

DESY-Zeuthen:
Elektronenquelle PITZ für FEL-Strahlungsquellen

FZ Jülich:   

Zyklotron und Protonensynchrotron COSY – Kern- und Hadronenphysik

GSI:
Ionenlinac UNILAC – Kernphysik

Ionensynchrotron SIS18, Speicherring ESR – Kern- und Hadronenphysik
FAIR-Komplex (2014) – Hadronenphysik
Ionenlinac und Synchrotron (Heidelberg) – Tumortherapie

KIT:

Elektronenspeicherring ANKA – Strahlungsquelle
Zyklotron – Radioisotope

FZ Dresden-Rossendorf:

Elektronenlinacs ELBE – FEL-Strahlunsgquellen

Helmholtz Zentrum Berlin & PTB:
Elektronenspeicherringe BESSY, MLS (PTB) – Strahlungsquellen
Zyklotron – Tumortherapie
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Übersicht Universitäten und MPIs
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Bonn:
Elektronenspeicherring ELSA – Hadronenphysik und Strahlungsquelle

Dortmund TU:
Elektronenspeicherring DELTA – Strahlungsquelle

Frankfurt:
RFQ, Ionenspeicherring (Stern-Gerlach-Zentrum ca. 2010)  –  Atom- und Kernphysik

Mainz:
Mikrotrons MAMI A, B, C – Kern- und Hadronenphysik

Darmstadt TU:
Rezirkulierender Elektronenlinac sDALINAC – Kernphysik
 FEL-Strahlungsquelle

MPI f. Kernphysik Heidelberg:
Ionenlinac und Speicherring TSR – Atomphysik
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Universitäten ohne eigene Beschleuniger
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München: LMU, MPQ, MPP
FZ Dresden-Rossendorf
Darmstadt TU
Jena
...

ARTICLES NATURE PHYSICS DOI: 10.1038/NPHYS1248

Focusing quadrupoles
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Figure 1 |A schematic description of a section of the plasma-
wakefield-accelerating structure.A thin tube containing Li gas is
surrounded by quadrupole magnets with alternating polarity. The
magnification shows the plasma bubble created by the proton bunch (red).
The electron bunch (yellow) undergoing acceleration is located at the back
of the bubble. Note that the dimensions are not to scale.

teraelectronvolts (for example, in thewake of an LHCproton beam)
in one pass through the plasma. Several issues come to mind, such
as the possibility of producing a proton bunch with large enough
charge density, the possibility of phase slippage as protons slow
down, the effect of proton beam divergence and dissipation in the
plasma and so on. We will discuss these points below. We then
discuss a specific parameter set close to existing proton beams, and
show that the production of a TeV electron beam is in principle
allowedwith a proton-driven plasma-wakefield accelerator.

Initial considerations
The accelerating structure we have studied for proton-driven
plasma-wakefield acceleration is shown in Fig. 1. A high-density
proton bunch propagates through the plasma and sets the plasma
electrons in motion. For a highly relativistic driving bunch, the
electric field seen by the plasma electrons is in the transverse
direction, and the plasma electrons begin to oscillate around their
equilibrium position with frequencyωp given by

ωp =
√
npe2

ε0m

where np is the density of plasma electrons, ε0 is the permittivity
of free space and m is the mass of the electron. Given their large
mass, the plasma ions are effectively frozen. The oscillating electrons
initially move towards the beam axis, then pass through each other,
creating a cavity with very strong electric fields. The cavity structure
repeats, and the pattern moves with the proton-bunch velocity. An
appropriately timed witness bunch can be placed in a region of very
strong electric field and accelerated. The plasma also provides a
radial force that keeps the witness bunch, as well as the tail of the
drive bunch, from expanding radially.

In the linear regime, equation (1) applies to particles of either
charge, and can therefore be used to calculate the field produced by
a bunch of protons passing through a cold plasma (the nonlinear
case will be discussed below). Proton bunches with 1011 particles
are available today, and the main issue in producing strong
electric fields in the plasma is the formation of short bunches.
Teraelectronvolt proton beams typically have a relative momentum
spread σp/p= 10−4 and a r.m.s. bunch length of 50 cm. Assuming
this longitudinal phase space area is preserved and that a technically
feasible scheme for a phase rotation will be found, a proton bunch

with σz = 100 µm would have a momentum spread of about 50%.
This is probably too large. The LHC foresees reaching σp/p= 10−4

for bunches with a r.m.s. length of only 7.55 cm. In this case,
σz = 100 µm could in principle be achieved with a momentum
spread of about 7.5%, which is much more favourable. We have
simulated a 1 TeVproton driverwithσz =100 µmandσp/p=0.1.

As the proton bunch propagates, the momentum spread will
induce a lengthening of the bunch. This can be evaluated for
vacuum propagation as follows:

d ≈ L
2$γ 2

≈
(

σp

p

)
M 2

P c4

p2c2
L

where d is the spatial spread of the particles in the bunch induced by
the momentum spread, L is the distance travelled,MP is the proton
mass, p is the protonmomentum, γ is the Lorentz factor and c is the
speed of light. Given a 1 TeV proton beam, 10%momentum spread
leads to a growth of about 0.1 µmm−1. Large relative momentum
spreads will still allow for long plasma-acceleration stages provided
the drive beam is relativistic.

As mentioned above, the plasma has a strong focusing effect
on the tail of the drive bunch, as well as on the witness bunch.
However, the head of the drive bunch will tend to fly apart
unless quadrupole focusing is applied. We therefore foresee an
arrangement with strong focusing of the proton drive bunch along
the length of the plasma channel. A possibility for these quadrupoles
are small-diameter permanent magnets, such as those described in
ref. 29, producing gradients of order 1 Tmm−1.

Another issue is phase slippage between the proton driving
bunch and the electron witness bunch. As the proton bunch travels
through the plasma, it will slow down and the phase relation
with the light electron bunch will begin to change. The phase
change is given by14

δ ≈ πL
λp

[
1

γf γi

]
≈ πL

λp

[
M 2

p c4

pf pic2

]

where λp is the plasma wavelength and pi,f are the initial and
final momenta of the protons in the driving bunch. To maximize
the gradient (equation (1)), the plasma wavelength should have a
definite relation to the length of the driving bunch:

λp =
√
2πσz

Requiring a phase slippage of only a fraction of the plasma
wavelength implies that the driving beam energy cannot change
appreciably, and this could be a severe limitation on acceleration by
a proton bunch. However, with an initial proton energy of 1 TeV
and a final energy of 0.5 TeV, it should still be possible to have
plasma lengths of many metres. In addition, it is possible to control
the plasma wavelength by adjusting the density of the plasma30, in
part or fully compensating for the phase slippage.

Proton interactions in the plasma are not expected to be a big
issue. The plasma density and plasmawavelength are related by

λp ≈ 1mm

√
1015 cm−3

np

Typical values of np will be in the range 1014–1017 cm−3, and the
mean free path for inelastic reactions of high-energy protons with
the gas are orders of magnitude larger than the expected plasma
cell length. A GEANT4 (ref. 31) simulation for a 1 TeV proton
beam in Li vapour of density 1×1015 atoms cm−3 gives a transverse
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A. Pukhov and J. Meyer-ter-Vehn, 
Appl. Phys. B (2002)

Entwicklung neuer Technologien

A. Caldwell et al., Nature Physics (2009)
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Beschleunigernachwuchs
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Hans Weise |  Beschleunigerphysiker im Beruf |  18.09.2009  |  Seite 3

Promotionen 1999-2008 (insgesamt 109 in 10 Jahren)

• im Mittel 11 Promotionen im Bereich Beschleunigerphysik/-technik pro Jahr

• in 2009 bislang 11, der Beginn des WS ist noch zu berücksichtigen

• lfd. Promotionen 37 + DA, i.e. (11 + 37 + DA) = 48+ in 4 Jahren; dabei großer HHer

Anteil Summe_HH (2009, akt.) = 20

Hans Weise
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Ausbildung in Deutschland
Quelle: J. Rossbach, Beschleunigerausbildung an dt. Hochschulen 2009
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Humboldt-Univ.

TU Dresden

Univ. Hamburg

Univ. Göttingen

Univ. Mainz

TU Dortmund

Univ. Rostock

Univ. Karlsruhe

TU Darmstadt

Univ. Bonn

10 Universitäten

+ regelmäßige internationale 
Schulen (i.a. teuer !):

• CERN accelerator school (CAS)
• US part- acc. school (USPAS)
• Joint US-CERN-Russia-Asia   

acc. school (even years) (JAS)
• Beschleunigerschule der 

Terascale Alliance (TAS)
• Joint Universities Acc. School,  

10 Wo, Credits ! (JUAS)

Ziel: Ausbildung von Nachwuchs
möglichst breite beschleuniger-
physikalische “Allgemeinbildung”
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Übergreifende Thematiken 
Wichtige Themen in der Beschleunigerphysik sind u.a. die Erzielung der 
höchsten Energien, kleinsten Strahlquerschnitte und maximalen 
Intensitäten

Innerhalb der verschiedenen Arbeitsfelder existieren starke Synergien 
zwischen Beschleunigern für z.B. HEP, HK, Sychrotronstrahlung

Beispiele hierfür sind:

kleine Strahlquerschnitte essentiell für Verbesserung der Luminosität aber 
ebenfalls für Maximierung der Brillanz von Strahlungsquellen

Dämpfungsmechanismen (-Wiggler) finden Einsatz z.B. in CLIC ebenso 
wie bei Petra III

Energy Recovery Technologie für neue Strahlungsquellen (z.B. 
BERLinPro) und für die Teilchenphysik (z.B. LHeC) 
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Übergreifende Thematiken: z.B. ERLs 

F. Zimmermann

BERLinPro - Berlin Energy 
Recovery Linac Prototype
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Übergreifende Thematiken: Diagnostik etc.
Standardwerkzeuge für strahldynamische Untersuchungen

z.B. Multi-Turn Messungen der Strahllage

10

Von Diagnostikentwicklung an 
einer Maschine profitieren alle 
Bereiche der Beschleunigerphysik 
von Hadronen- bis zu WF-
Beschleunigern

gemeinsame Software für 
Simulationen (z.B. Mad-X)
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Workshop Beschl. an dt. Hochschulen 2009

Vorbereitung Runde zum Förderschwerpunkt "Erforschung kondensierter 
Materie an Großgeräten"

Schwerpunktthemen
Strahldynamik
Strahldiagnostik
Beschleunigertechnologie

Diskussion konkreter Vernetzungsmaßnahmen

Weiteres Thema: Ausbildung von Beschleunigerphysikern

11
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starke Vernetzung innerhalb der Community 
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starke Vernetzung innerhalb der Community 

Zusammenarbeiten über die Grenzen der 
jeweiligen Nutzer-Gemeinschaften hinaus
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starke Vernetzung innerhalb der Community 

Zusammenarbeiten über die Grenzen der 
jeweiligen Nutzer-Gemeinschaften hinaus

eigenständige Vertretung
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Komitee für Beschleunigerphysik
Erste Schritte zu eigenständiger Vertretung

Vorläufiges Komitee erarbeitet Satzung - Entwurf zur Abstimmung mit der 
Community in 2010 

Mitglieder des vorläufigen Komitees:
R. Eichhorn (TU Darmstadt), F. Grüner (LMU), S. Khan (TU Dortmund), 
A. Meseck (HZB), ASM (KIT)
Sprecher: W. Hillert (U Bonn)

Fragestellungen in der Diskussion:
wen vertritt das KfB (Wahlberechtigung, Mitgliedschaft etc.)
Gliederung in Wahlbezirke oder Themenfelder
Zusammensetzung des Komitees, Anzahl Mitglieder 
Outreach (z.B. http://www.beschleunigerphysik.de)
... 

Wahlen 2010
12

http://Beschleunigerphysik.de
http://Beschleunigerphysik.de
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Quo Vadis?
Neue Technologien

CLIC (2-Strahl-Beschleunigung, 100 MV/m)

Myon-Collider / Myon-Cooling hauptsächlich ausserhalb Deutschlands 
(Ausnahme MPP)

Plasmabeschleuniger (Laser, Elektronen, Protonen bis zu 100 GV/m)

Dielectric Wakefield Beschleunigung (FACET@SLAC)
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Weichenstellung durch LHC Resultate

QUAD

QUAD

POWER EXTRACTION AND TRANSFER
STRUCTURE (=PETS)

30 GHz - 150 MW

BPM

ACCELERATING
STRUCTURES
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Muon Collider
Aktivitäten in USA:
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Unabhängige Cooling-Experimente in EU
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Plasma Beschleuniger 
Verschiedene Möglichkeiten:

Laser-induziertes Plasma
Elektronen- oder Protonenstrahl erzeugtes 
Plasma 

Schwierigkeiten z.B. Energieschärfe, 
Kaskadierbarkeit 

15
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Figure 1 |A schematic description of a section of the plasma-
wakefield-accelerating structure.A thin tube containing Li gas is
surrounded by quadrupole magnets with alternating polarity. The
magnification shows the plasma bubble created by the proton bunch (red).
The electron bunch (yellow) undergoing acceleration is located at the back
of the bubble. Note that the dimensions are not to scale.

teraelectronvolts (for example, in thewake of an LHCproton beam)
in one pass through the plasma. Several issues come to mind, such
as the possibility of producing a proton bunch with large enough
charge density, the possibility of phase slippage as protons slow
down, the effect of proton beam divergence and dissipation in the
plasma and so on. We will discuss these points below. We then
discuss a specific parameter set close to existing proton beams, and
show that the production of a TeV electron beam is in principle
allowedwith a proton-driven plasma-wakefield accelerator.

Initial considerations
The accelerating structure we have studied for proton-driven
plasma-wakefield acceleration is shown in Fig. 1. A high-density
proton bunch propagates through the plasma and sets the plasma
electrons in motion. For a highly relativistic driving bunch, the
electric field seen by the plasma electrons is in the transverse
direction, and the plasma electrons begin to oscillate around their
equilibrium position with frequencyωp given by

ωp =
√
npe2

ε0m

where np is the density of plasma electrons, ε0 is the permittivity
of free space and m is the mass of the electron. Given their large
mass, the plasma ions are effectively frozen. The oscillating electrons
initially move towards the beam axis, then pass through each other,
creating a cavity with very strong electric fields. The cavity structure
repeats, and the pattern moves with the proton-bunch velocity. An
appropriately timed witness bunch can be placed in a region of very
strong electric field and accelerated. The plasma also provides a
radial force that keeps the witness bunch, as well as the tail of the
drive bunch, from expanding radially.

In the linear regime, equation (1) applies to particles of either
charge, and can therefore be used to calculate the field produced by
a bunch of protons passing through a cold plasma (the nonlinear
case will be discussed below). Proton bunches with 1011 particles
are available today, and the main issue in producing strong
electric fields in the plasma is the formation of short bunches.
Teraelectronvolt proton beams typically have a relative momentum
spread σp/p= 10−4 and a r.m.s. bunch length of 50 cm. Assuming
this longitudinal phase space area is preserved and that a technically
feasible scheme for a phase rotation will be found, a proton bunch

with σz = 100 µm would have a momentum spread of about 50%.
This is probably too large. The LHC foresees reaching σp/p= 10−4

for bunches with a r.m.s. length of only 7.55 cm. In this case,
σz = 100 µm could in principle be achieved with a momentum
spread of about 7.5%, which is much more favourable. We have
simulated a 1 TeVproton driverwithσz =100 µmandσp/p=0.1.

As the proton bunch propagates, the momentum spread will
induce a lengthening of the bunch. This can be evaluated for
vacuum propagation as follows:

d ≈ L
2$γ 2

≈
(

σp

p

)
M 2

P c4

p2c2
L

where d is the spatial spread of the particles in the bunch induced by
the momentum spread, L is the distance travelled,MP is the proton
mass, p is the protonmomentum, γ is the Lorentz factor and c is the
speed of light. Given a 1 TeV proton beam, 10%momentum spread
leads to a growth of about 0.1 µmm−1. Large relative momentum
spreads will still allow for long plasma-acceleration stages provided
the drive beam is relativistic.

As mentioned above, the plasma has a strong focusing effect
on the tail of the drive bunch, as well as on the witness bunch.
However, the head of the drive bunch will tend to fly apart
unless quadrupole focusing is applied. We therefore foresee an
arrangement with strong focusing of the proton drive bunch along
the length of the plasma channel. A possibility for these quadrupoles
are small-diameter permanent magnets, such as those described in
ref. 29, producing gradients of order 1 Tmm−1.

Another issue is phase slippage between the proton driving
bunch and the electron witness bunch. As the proton bunch travels
through the plasma, it will slow down and the phase relation
with the light electron bunch will begin to change. The phase
change is given by14

δ ≈ πL
λp

[
1

γf γi

]
≈ πL

λp

[
M 2

p c4

pf pic2

]

where λp is the plasma wavelength and pi,f are the initial and
final momenta of the protons in the driving bunch. To maximize
the gradient (equation (1)), the plasma wavelength should have a
definite relation to the length of the driving bunch:

λp =
√
2πσz

Requiring a phase slippage of only a fraction of the plasma
wavelength implies that the driving beam energy cannot change
appreciably, and this could be a severe limitation on acceleration by
a proton bunch. However, with an initial proton energy of 1 TeV
and a final energy of 0.5 TeV, it should still be possible to have
plasma lengths of many metres. In addition, it is possible to control
the plasma wavelength by adjusting the density of the plasma30, in
part or fully compensating for the phase slippage.

Proton interactions in the plasma are not expected to be a big
issue. The plasma density and plasmawavelength are related by

λp ≈ 1mm

√
1015 cm−3

np

Typical values of np will be in the range 1014–1017 cm−3, and the
mean free path for inelastic reactions of high-energy protons with
the gas are orders of magnitude larger than the expected plasma
cell length. A GEANT4 (ref. 31) simulation for a 1 TeV proton
beam in Li vapour of density 1×1015 atoms cm−3 gives a transverse
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A. Caldwell et al., Nature Physics (2009)
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