


ILC discussed as next 
collider  30 km 
linear accelerator 

Par7cle Physics Accelerators 

The Livingston plot shows a 
satura7on effect ! 

Prac7cal limit for accelerators 
at the energy fron7er: Project 
cost increases as the energy 
must increase! 

New technology needed… 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driving force:  Space charge of drive
 beam displaces
 plasma electrons. 

restoring force:  Plasma ions exert
 restoring force 

Space charge  
oscilla4ons 
   (Harmonic  
oscillator) 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Longitudinal fields can accelerate and decelerate! 

Plasma also provides super‐strong focusing force !  
(many thousand T/m in frame of accelerated par4cles) 

Plasma Wakefield Accelera7on (Beam Driven) 



UCLA!

Located in the FFTB!

e- or e+!

N=2·1010!

!z=0.6 mm!

E=30 GeV!

Ionizing!
Laser Pulse!
(193 nm)!

Li Plasma!
ne"2·1014 cm-3!

L"1.4 m!

Cerenkov!
Radiator!

Streak Camera!
(1ps resolution)!

Bending!
Magnet!

X-Ray!
Diagnostic!

Optical Transition!
Radiators!

Dump!
12 m!

#Cdt!

Experimental Layout (E-157)!

FFTB 
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Why not con7nue with electrons ??? 

There is a limit to the energy gain of a trailing bunch in the plasma: 

(for longitudinally symmetric bunches). 

This means many stages required to produce a 1TeV electron beam from 
known electron beams (SLAC has 45 GeV) 

Proton beams of 1TeV exist today ‐ so, why not drive plasma with a 
proton beam ? 

See e.g. SLAC‐PUB‐3374, R.D. 
Ruth et al. 

R =
∆Twitness

∆T drive
≤ 2 T is the kinetic energy
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Maximum accelera7ng gradient 

Ez,max = eNk2
p exp
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Assuming Gaussian beams: 

Linear regime  (nb<n0): 

Ez,max ≈ 2 GeV/m ·
(

Nb

1010

)
·
(

100 µm
σz

)2

Need very short proton bunches for strong gradients.  Today’s proton 
beams have 

σz ≈ 10− 30 cm

Compression of proton bunch needs to be solved for PDPWA (?) 



Simula7on study 

Nature Physics 5, 363 ‐ 367 (2009) A. Caldwell, K. Lotov, A. Pukhov, F. Simon 

Quadrupoles used 
to guide head of 
driving bunch 

Assume proton bunch compression 
solved ! 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Simula7on 
Table 1: Table of parameters for the simulation.

Parameter Symbol Value Units
Protons in Drive Bunch NP 1011

Proton energy EP 1 TeV
Initial Proton momentum spread σp/p 0.1

Initial Proton longitudinal spread σZ 100 µm
Initial Proton bunch angular spread σθ 0.03 mrad
Initial Proton bunch transverse size σX,Y 0.4 mm
Electrons injected in witness bunch Ne 1.5 · 1010

Energy of electrons in witness bunch Ee 10 GeV
free electron density np 6 · 1014 cm−3

Plasma wavelength λp 1.35 mm
Magnetic field gradient 1000 T/m

Magnet length 0.7 m

The proton beam transverse size and angular spread also needed optimization. As expected, the
plasma wave focuses and guides the tail of the bunch. However, the plasma field was too low to guide
the head of the bunch. Without additional focusing, the proton bunch head would diffract over a distance
of a few meters, whereas for TeV acceleration one needs hundreds meters of propagation. To overcome
the natural beam diffraction, we simulated a magnetic quadrupole guiding system as discussed above (see
also Fig. 1). The magnetic field gradient was taken to be 1 T/mm. Given the quadrupole strength and the
assumed proton beam emittance, we can calculate the required beam radius of σr = 0.43 mm=2 k−1

p ,
where kp = ωp/c. This driver radius is not matched with the plasma density. Thus, the tail of the
driver is subject to transverse betatron oscillations at the beginning of acceleration. Yet, after a few
betatron periods it reaches dynamic equilibrium and becomes matched, while its head is guided by the
quadrupoles.

The plasma wave generated by the proton driver is shown in Fig. 2. The rightmost region of high
electron density in frames b) and d) result from plasma electrons being “sucked in” by the proton bunch.
The electrons then continue to move across the beam axis and create a depletion region very similar to
the blow-out region seen in the case of the electron driver. The electron witness bunch is placed on the
left edge of the first bubble, where the longitudinal fields are strongest. The maximum accelerating field
of the wave is about 3 GeV/m as shown in Fig. 2e). The accelerating gradient in this region increases
as one approaches the left edge of the bubble, providing a stable regime of acceleration of the electron
bunch. The transverse electric fields in this region are also strong and act to focus the witness bunch.

To reach an energetically efficient regime of acceleration, we have to load the plasma wave with a
matched witness bunch. Thus, the maximum accelerating field of the loaded wave will be somewhat
lower. In our PIC simulations, we chose a witness electron bunch with 1.5 × 1010 particles and initial
energy of 10 GeV. The electric field and electron density from the loaded plasma wave are shown in
Fig. 2c)-d). The maximum accelerating field is about 1.7 GeV/m and is nearly constant over the witness
bunch.

The acceleration over hundreds of meters of plasma has been simulated using the quasi-static code
LCODE. Figure 3a)-d) shows snapshots of the particle phase space (energy versus distance from the
front of the proton bunch) at several distances along the channel. The proton bunch is initially distributed
around 1 TeV, while the electron bunch has a fixed energy of 10 GeV. Further down the channel, it is seen
that the tail of the proton bunch loses significant amounts of energy, while the electron bunch picks up

6
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Densi7es & Fields 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1 TeV 

Energy 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A Tevatron or HERA type proton beam, compressed to 100 microns but 
with 10% momentum spread, would allow to create a 600 GeV electron 
beam. 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Alterna7ve to short bunch – modula7on of long 
bunch 

14 Can this be used to generate strong wakefields for accelera7on ? 

 ‐ (green) field Ez at the distance σr  from axis, scale +‐200 MV/m 
 ‐ (blue) beam density at the distance σr from axis, axis: 0 ‐ 8e‐4 of 
plasma density 
 ‐ (red) beam radius, 0 ‐ 1.4 mm 
 ‐ (grey) energy stored in the plasma, arb. units 

PS beam simula7on, 
K. Lotov, LCODE 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Simula7on: W. Lu, OSIRIS code (UCLA) 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Simula7on: W. Lu, OSIRIS code (UCLA) 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We are considering an experimental program at CERN to demonstrate plasma accelera7on using 
a modulated proton driver. 

Workshop at CERN December 17‐18, 2009  Supported by EuCARD ! 
Follow‐up on March 11‐12, 2010 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Current ac7vi7es: 

Plasma Cell designs under inves7ga7on: UCLA, IPP 

magnetic field coils
neutral gas
capillary

quarz vacuum tube

laser interferometer /
electric probes

matching network /
rf source

pumping
unit

Figure 2:

5 cm diameter and a length of 1.5 m, which is designed as a scalable module. The tube is magnetized by water-cooled
conventional magnetic field coils. The helicon sources are distributed outside the vaccum along the vacuum tube. The
number of sources is free parameter and we will increase the number if necessary. The antennas are powered via an
impedance matching network by a 50 kW rf source with tunable frequency in the range 10-30 MHz. An important part is
the advanced neutral gas capillary system to get optimized control over the neutral gas feeding by puffing gas along the
entire discharge axis, especially to feed gas into the ionization region of the antennas. This aspects was a limiting factor in
previous helicon experiments. During the R&D phase plasma density diagnostics is required. In the high plasma density
environment the application of conventional Langmuir probes is very limited in reliable density measurments. We will
setup a CO2 laser interferometer system to monitor the plasma density and especially the axial density profile.

Budget IPP Greifswald will contribute a significant portion for the setup and investigation of the prototype plasma cell.
This includes:

• magnetic field coil system with water cooling and power supply

• plasma probe diagnostics

• vacuum pump system

• one PhD position for investigation of the plasma heating and profile evolution of the prototype cell

• travel expenses for conference visits and collaboration with associated institutions

We request funding for the remaining parts of the project.

Item Costs (Euro)
quarz vaccum tube with capillary system and diagnostic ports 20,000
rf amplifier (50kW) and matching network 50,000
laser interferometer system 40,000
one PostDoc position for 2 years 120,000
Total

Table 2: Requested funding

3

Helicon Plasma Cell (IPP) 

Four different groups undergoing benchmarking of codes for specified parameter sets: K. Lotov 
(2D,  Novosibirsk), A. Pukhov (3D, Düsseldorf), W. Lu (2D, 3D, UCLA), C. Huang (2D,3D Argonne) 

Parametric studies, inves7ga7ons of hosing, two‐stream instability, … 

Inves7ga7ons into bunch compression 

Currently most promising: uncompressed SPS bunch in long plasma cell; expect few 100 MV/m 
gradients. 

Heat pipe oven ‐ UCLA 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Self-modulation instability of a long proton bunch in plasmas

Naveen Kumar∗ and Alexander Pukhov
Institut für Theoretische Physik I, Heinrich-Heine-Universität Düsseldorf, D-40225 Germany

Konstantin Lotov
Budker Institute of Nuclear Physics and Novosibirsk State University, 630090 Novosibirsk, Russia

An analytical model for the self-modulation instability of a long relativistic proton bunch prop-
agating in uniform plasmas is developed. The self-modulated proton bunch resonantly excites a
large amplitude plasma wave (wake field), which can be used for acceleration of plasma electrons.
Analytical expressions for the linear growth rate and the number of exponentiations are given. We
use the full three-dimensional particle-in-cell (PIC) simulations to study the beam self-modulation
and the transition to the nonlinear stage. It is shown that the self-modulation of the proton bunch
competes with the hosing instability which tends to destroy the plasma wave. A method is proposed
and studied through PIC simulations to circumvent this problem which relies on the seeding of the
self-modulation instability in the bunch.

PACS numbers: 52.35.-g, 52.40.Mj, 52.65.-y

Plasma based particle acceleration has made a signif-
icant progress over the last years. Since the first ob-
servations of the laser-driven wake field acceleration in
the bubble regime [1], the electron bunch energies now
routinely reach the near-GeV energies [2]. At the same
time, the electron beam-driven plasma based accelera-
tion experiments done at the Stanford Linear Accelera-
tor (SLAC) have demonstrated energy gains of 42 GeV,
and thus doubling the energy of the SLAC beam in a
meter-scale plasma wake field accelerator [3].

However, on the path towards teraelectronvolt (TeV)
energy range, one still has to solve many problems. The
laser technology has to be improved a lot in terms of
power, stability and repetition rate. On the other hand,
the electron beam-driven wake field acceleration has the
fundamental problem of the transformer ratio limit [4].
It arises because electric field of the same order drags the
driver as the one that accelerates the witness beam, the
maximum achievable energy gain in one single stage is
limited by the energy of particles in the driver beam.

Recently, it has been proposed to harness a teraelec-
tronvolt (TeV) proton bunch driver such as the one avail-
able from the LHC (Large Hadron Collider), at CERN
(European Organization for Nuclear Research) for the
TeV regime of electron acceleration in plasmas [5, 6].
Notwithstanding that the scheme demands for a short
- of a sub-millimeter length - proton driver bunch, all
the presently available proton bunches are much longer,
usually tens of centimeter long. The bunches, however,
have an excellent longitudinal emittance that would, in
principle, allow to rotate them in the phase space [5, 7].
Yet, implementation of such phase rotation remains a
challenge.

The available long proton bunches at the CERN can-
not generate a high amplitude wake field directly. In-
deed, for an efficient excitation of wakefields, the pro-
ton bunch length must be close to the plasma wave-

length λp = 2πc/ωp, where c is the speed of light and
ω2
p = 4πnee2/me is the square of the plasma frequency;

ne is the plasma electron density, e and me are the elec-
tron charge and mass respectively. In a simplest way,
plasma electrons can be understood as an ensemble of os-
cillators oscillating at plasma frequency. To enforce the
resonant swinging of these oscillators, the driver must
contain a Fourier component close to the plasma fre-
quency. A short dense driver has a broad spectrum and
thus generates the wake field efficiently. A long driver
with the Gaussian temporal profile ∼ exp

(

−t2/σ2
t

)

and
σtωp # 1 contains an exponentially small Fourier compo-
nent at the plasma frequency and cannot be used directly
to excite a plasma wave. The situation will change, how-
ever, if the long driver is modulated at the plasma fre-
quency. Then, even a tenuous proton beam can excite a
high amplitude plasma wave.

In this Letter, we develop an analytical model for the
self-modulated regime of the proton bunch acceleration of
electrons along the lines of the self-modulated laser wake-
field accelerator (SMLWFA) concept [8]. The underlying
physical mechanism is very much the same as in the SML-
WFA concept. A long proton bunch (L > λp) generates
a wake within its body, which modulates the bunch itself,
leading to the positive feedback and unstable modulation
of the whole bunch along the bunch propagation direc-
tion. This self-modulation splits the long proton beam
into ultra-short bunches of length ∼ λp, which resonantly
drive the plasma wake. This plasma wake can be used to
accelerate electrons, just as in the SMLWFA concept.

The self-modulation of the proton bunch essentially oc-
curs due to the action of the transverse wakefields on the
bunch itself. This is different than the modulation caused
by the electrostatic two-stream instability, which arises
due to relative streaming between the proton bunch and
the background plasmas, and causes excitation of the lon-
gitudinal fields. Due to the very anisotropic response of

hsp://arxiv.org/abs/1003.5816 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2. Modulated bunch

Suppose we have σz,0kp >> 1, where σz,0 is the initial length of the bunch. Any insta-
bility will be quickly amplified resulting in microbunching of the long bunch. The number
of e-foldings scales [2] as

Ne ≈ 0.3ξ2/3τ1/3(5)

where ξ is the distance along the beam in the co-moving frame in units of k−1
p and τ is the

‘time’ the beam has traveled in the plasma in units c/ωb, where the beam frequency in cgs
units is:

ωb =

√
4πnbe2

γbM
= 1.3 · 103

√
nb

γb
(rad/s) .

The table gives the value of c/ωb taking the peak density of the beam for PS, SPS and
LHC beam options. As seen from the table, we will need a very long plasma cell to reach

Table 1. PS and SPS Parameter Sets. The different symbols are defined
in the text.

Parameter PS SPS-LHC SPS-Totem LHC
EP (GeV) 24 450 450 7000
NP (1010) 13 11.5 3.0 11.5
σP (MeV) 12 135 80 700
σz (cm) 20 12 8 7.6
σr (µm) 400 200 100 100

σθ (mrad) 0.25 0.04 0.02 0.005
β∗ (m) 1.6 5 5 20

ε (mm-mrad) 0.1 0.008 0.002 5 · 10−4

n0 (1015 cm−3) 0.16 0.63 2.5 2.5
eE0 (GeV/m) 1.28 2.55 5.1 5.1

c/ωb (m) 2.4 4.0 3.3 13
eEz,max (GeV/m) 0.11 0.4 0.4 1.6

α 0.09 0.16 0.08 0.31
Ldephase (m) 9 230 170 2850
Wβ∗ (GeV) 0.18 2.0 2.1 32

Wdephase (GeV) 1.0 90 70 4500

large values of τ .
We would like to have a well developed modulation in the center of the bunch, since this

is where the bulk of the protons reside. Since τ will be a number of order 1, we need to
have large values of ξ to make sure the modulation is well developed. This implies that
the plasma wavelength should be much shorter than the beam length. Indeed, we would
want to maximize kpσz,0. However, we need the plasma skin depth to be at minimum the

Assuming full modula4on can be achieved, and central +‐σ/2 contribute to E field, I find 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TT61 tunnel 

  Services and infrastructure s7ll in place from the old beam line 
  However the power supplies have been dismounted and used as spares 
for the SPS North Area 

  Steep slope 6‐7% 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Experimental Layout 

Proton bunch 

Foils for coherent transi7on 
radia7on (CTR) 

Plasma cell 

Modulated 
proton bunch 

Dipole magnet 
10 T m 

Dump 

Beam profile 
measurement 

Perhaps streak 
camera to also 
get 7me 
dependence 

CTR 

Electro‐op7cal 
sampling system 

NP ≈ 1011

450 GeV
σz ≈ 12 cm
σr ≈ 1 mm

λ = 1− 3 mm
σr ≈ 1− 5 mm

E = 449− 451 GeV

Coherent transi7on radia7on (CTR)  frequency domain 
Electroop7cal sampling  7me domain informa7on 

n0 ≈ 1015 cm−3
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•   Plasma wakefields have been demonstrated to produce very large 
electric fields (>10 GV/m) 

•  Hope for a more compact/less expensive accelerator 

•  Proton driven PWA would allow a simpler design – one stage 

•  demonstra4on of PDPWA to be proposed at CERN 

Summary 


