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Requirements for ion acceleration

The requirements strongly depend on the application: a few examples
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Requirements for ion acceleration

!Ion source as a new injector: 
!Rep rate matched to conventional accelerator structures (e.g. 50 Hz) 
! Ion energy a few tens of MeV 
!Radial beam shaping for divergence optimization 
! Ion species selectable 
!Energy matched to particle number acceptable to acc structure

The requirements strongly depend on the application: a few examples
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Requirements for ion acceleration

!Ion source as a new injector: 
!Rep rate matched to conventional accelerator structures (e.g. 50 Hz) 
! Ion energy a few tens of MeV 
!Radial beam shaping for divergence optimization 
! Ion species selectable 
!Energy matched to particle number acceptable to acc structure

!Medical Application: 
! Ion energy >250 MeV for protons and >400 MeV/u for e.g. Carbon (prob. no TNSA) 
!High contrast 
!Rep rate 10 to 30 Hz 
!Energy stability better 3% 
!Relatively low particle numbers required (1011 or 109 per patient) 
!Uniform ion beam --> Laser beam shaping

The requirements strongly depend on the application: a few examples
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Requirements for ion acceleration (cont.)
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Requirements for ion acceleration (cont.)

!Fusion (FI) 
!Tailored energy spectrum up to a few tens of MeV (TNSA might be ok) 
!High conversion efficiency 
!High particle numbers (high laser energy) 
!Pulse length can be up to ps 
!Beam overlay, beam synchronization 
!10 Hz rep rate
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Requirements for ion acceleration (cont.)

!Fusion (FI) 
!Tailored energy spectrum up to a few tens of MeV (TNSA might be ok) 
!High conversion efficiency 
!High particle numbers (high laser energy) 
!Pulse length can be up to ps 
!Beam overlay, beam synchronization 
!10 Hz rep rate

!Security applications 
!relaxed rep rate 
! Ion energy up to GeV 
!High contrast 
!Mobile / compact
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Requirements for ion acceleration (cont.)

!Accelerators (all optical) 
!High gradients 
!High Particle numbers 
!High Rep Rate 
!Staging 
!High Average Power 
!Many Beamlines (...100)

 16 

 
Figure 2: Concept for an LPA-based electron-positron collider. Both the electron and positron 
arms start with a plasma-based injection-acceleration module where controlled injection 
techniques are applied to produce a high quality ~10 GeV electron beam.  Electrons are then 
accelerated to 1 TeV using 100 laser-plasma modules, each consisting of a 1-m long preformed 
plasma channel (1017 cm-3) driven by a 30 J laser pulse giving a 10 GeV energy gain. A fresh 
laser pulse is injected into each module. Similarly, positrons are produced from a 10 GeV 
electron beam through pair creation and then trapped and accelerated in a LPA module to ~10 
GeV. Subsequent LPA modules would accelerate positrons to 1 TeV. A luminosity of 1034 cm–

2s–1 requires 4×109 particles/bunch at a 13 kHz repetition rate [1]. 
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Figure 3: Wakes 
generated in the bubble (left 
column) and quasi-linear 
(right column) regimes by a 
laser pulse with a0=4  (left) 
and a0=1  (right).  Top 
figures are axial electric 
field, central figures are 
density, and bottom figures 
are transverse electric fields. 
The black boxes indicate the 
accelerating/focusing 
regions for electrons, and the 
green boxes are for positrons 
(Courtesy of C. Benedetti et 
al., LBNL).  
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Proton acceleration with lasers : 
Static electric fields
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Abbildung 2.1: Sketch of the TNSA-mechanism. The laser pulse coming from the left is focused into the
preplasma on the target front side generated by amplified spontaneous emission of the laser system (a).
The main pulse interacts with the plasma at the critical surface and accelerates hot electrons into the target
material (b). The electrons are transported under a divergence angle through the target, leave the rear side
and form a dense electron sheath. The strong electric field of the order of TV/m generated by the charge
separation is able to ionize atoms at the rear side (c). They are accelerated over a few µm along the target
normal direction. After the acceleration process is over and the target disrupted (⇥ns), the ions leave the
target in a quasi-neutral cloud together with comoving electrons (d).

After the fastest electrons have escaped at the rear side leaving the target positively charged, a strong
electrostatic potential is built up due to the charge separation, because the remaining electrons are trap-
ped by Coulomb forces. They are held back and forced to return into the target. Due to this mechanism
an electron sheath is formed at the rear surface of the target. The sheath can only extend over a thin
layer before it is completely shielded. The characteristic distance is called the Debye length, see equa-
tion (6.24). Typically, ⇥D is a few µm [21] for the laser and target parameter within the framework of
this thesis. The initial electric field strength in vacuum can be obtained analytically [89, 90] by solving
Poisson’s equation for the one dimensional case:

�0
⇤2�
⇤z2 = e ne. (2.15)

The electron density in vacuum follows a Boltzmann distribution, where the kinetic energy of the elec-
trons is replaced by the potential energy Epot = �e �:

ne = ne,0 exp
�

e �
kBTe

⇥
(2.16)

with an initial value of ne,0 ⇤ 1020 cm�3. The solution of equation (2.15) can be transformed to the
expression for the maximum electric field at z = 0 by solving E(z) = �⇤�/⇤z:

Emax =
⌅

2
kBT
e ⇥D

. (2.17)

A sheath field of 2 TV/m (or MV/µm) is calculated for kBTe = 1.3 MeV and ⇥D = 0.9 µm. However,
for later times the field strength is a function of the dynamics at the rear side, e.g. ionization and ion
acceleration.

12 2 Proton Generation by Laser-Matter Interaction
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Ion Acceleration Mechanisms

Ion acceleration 
mechanism 

Acronym Ion Accel. 
process 

Target-Normal 
Sheath Acceleration 
S. Hatchett et al., Phys. 
Plas. 7, 2076 (2000) 

TNSA Charge 
separation 

GeV protons? X 

Break out afterburner 
L. Yin et al., Laser Part. 
Beams 24, 291 (2006) ; 
Phys. Plasmas 14, 
056706 (2007) 

BOA Kinetic Process 
(Buneman): 
relative e-i drift 
GeV protons?  
Linear Polar. 

Radiation Pressure 
Acceleration, Aka 
Plasma Piston 
E.g., A.P.L. Robinson, et 
al., New J. Phys. 10, 
013021 (2008) 

RPA Charge 
separation 

GeV protons?  
Circular Polar. 

laser 

foil 
10µm 

protons 

TNSA 

laser 

BOA 

laser 
RPA 
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TNSA vs. BOA

Accessible with moderate contrast lasers 
Micrometer sized targets 
Spectrum limited to 70 MeV 
Surface acceleration 

High contrast lasers needed 
Sub-Micrometer sized targets 
Ion energies exceeding 120 MeV/u 
Volume acceleration 
Heavy ions (deuterons) at same speed as protons 
Lower EMP and less debris
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Break out Afterburner (BOA)

Laser Breakout Afterburner – Mechanism

a) Target Normal Sheath Acceleration (TNSA) phase
b) Intermediate phase
c) Laser Breakout Afterburner (BOA) phase

17.11.2011 | TUD (IKP) | M. Roth | 3
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Yin, et al., Laser and Particle Beams 24 (2006), 1–8  Albright, et al., Phys. Plasmas 14, 094502 (2007) 
Yin, et al., Phys. Plasmas 14, 056706, (2007)   Yin, et al., Phys. Rev. Lett. 107, 045003 (20011) 
Yin, et al., Phys. Plasmas 18, 063103 (2011) 
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Operated by Los Alamos National Security, LLC for NNSA 

U N C L A S S I F I E D 2012 HED Plasmas and Fluids Capability Review 

spectral power 

Advanced Accelerator Concepts Workshop 

BOA from pre-expanded CH2 foils 

VPIC: 100nm CH2 target & Trident laser with 2x1020W/cm2 

2D-VPIC: Pre-pulse has negligible effect 
on BOA and final ion energy. 

Max. energy proton carbon 

Ideal laser 132 MeV 450 MeV 

Real laser 121 MeV 447 MeV 
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Targets for BOA

CH2 Targets 

Full-density film 

Low-density film 

•  Poly(4-methyl-1-pentene), trade name TPX (Mitsui, Inc.) 
•  Soluble in cyclohexane  
•  Full density films (800 mg/mL) dip- or spin-cast (<200 nm – 1 um) 
•  Low density foams (5 – 50 mg/mL) produced by freeze-dip-casting, freeze 

drying (~50 um) 

2 mm 

CD2 Targets 
•  Deuteropolyethylene(85% D content) 
•  Soluble in hot toluene/ xylenes 
•  Full density films (940 mg/mL) drop-cast onto warm Si wafers (300 nm- 1um) 



This is accomplished with a chirped Volume Bragg Grating (VBG) with 5-nm bandwidth 

centered  at  1040  nm.  The  central  wavelength  matches  the  amplifiers  which  both  use 

Ytterbium as active material.  The main advantage of  the VBG compared to  conventional 

grating-based stretcher-compressor assemblies is its compactness, cost and ease of use. Both 

stretching and re-compression of the pulse occur in the same VBG with dimensions in the 

order of a few centimeters. For in-coupling and re-extraction of the beam we use a polarizer 

and a quarter waveplate. After passing the waveplate the circular polarized beam enters the 

VBG.  Since  the  grating  period  varies  along  the  direction  of  propagation,  different 

wavelengths are reflected from different planes which results in a temporal chirp of the pulse.  

The  quarter-waveplate  then  transforms  the  beam  into  a  linear  polarized  wave  with 

polarization plane perpendicular to the incoming beam. Hence the output can be separated 

from the incoming beam with a polarizer. In Fig. 3a the part of the spectrum (red line) which 

is extracted from the original spectrum delivered by the fs oscillator (black line) is shown. It 

can  clearly  be  seen  (the  spectra  are  not  normalized  with  respect  to  each  other)  that  the 

efficiency  of  the  VBG  in  the  dedicated  wavelength-range  is  nearly  100%.  Besides  its 

compactness this is another important advantage of the VBG. 

Fig. 2: Setup of the contrast-boosting module

The stretched-pulses are now amplified in two consecutive amplifiers. The first amplification 

takes  place  in  a  two-stage  Ytterbium-doped  fiber  amplifier.  In  a  single  mode  fiber  the 

stretched pulses  with an average power of  1-2 mW and a repetition  rate of  72 MHz are 

amplified to 160 mW. The repetition rate is then reduced to 1 MHz using an acousto-optical 

modulator (AOM) synchronized with the PHELIX laser system. A second stage then creates 

an output of 1 W corresponding to pulse energies of 1 μJ. 

The beam then goes to a regenerative ring amplifier operating at 10Hz [9]. The amplifier 

uses Yb:KGW as an active medium pumped by 2.4 kW peak power from a laser diode stack  

at 940 nm. Output of the ring is a pulse train with pulse energies up to 10 mJ and a bandwidth 

of 5 nm centered at 1040 nm. However due to nonlinear effects the spectrum exhibits strong 

modulations at  higher  energies.  Therefore  we decided  to  work with  an  output  energy  of 

4.5 mJ. The spectrum after the ring amplifier (Fig. 3b) exhibits the same bandwidth as the 

input beam which enables compression of the pulses to 1 ps with the VBG. 

In order to use the pulses as pump-pulses in the OPA-process they need to be frequency 

doubled which is accomplished in a BBO crystal. The frequency doubling stage for the pump 

laser and the parametric amplifier were simulated and dimensioned using the Miro software 

[10] with the specific module handling four wave mixing of broadband pulses. The doubling 

crystal is located about 250 cm from the waist of the regenerative cavity and the pump-laser 

High contrast Lasers  (PHELIX)
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M. Günther et al., Rev. Sci. Instr. 84, 073305 (2013)
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Volume instead of surface acceleration

Using CD targets: No cleaning needed 
one order of magnitude more deuterons than protons when using BOA
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BOA does really work

Ultimate test of ion energies using NAIS

PROTONS

DEUTERONS
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BOA does really work

Ultimate test of ion energies using NAIS

85 MeV 105 MeV 130 MeV
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3.2 Experimenteller Aufbau

Abbildung 3.1: Schematischer Aufbau des im April durchgeführten Experiments zur Beschleunigung von
Ionen mithilfe von Laserstrahlung. Der unter einem Winkel von 10° zur Targetnormalen
von links einlaufende Laserstrahl wird über eine Parabel auf das Plastikarget fokussiert.
Die aus diesem beschleunigten Ionen tre�en auf den RCF-Stapel und deponieren dort
Energie. Zu sehen sind die Protonenstrahlen, die durch TNSA (orange) und BOA (grün)
erzeugt wurden. Dort wo beide Strahlprofile überlappen sind Teilchen beider Beschleuni-
gungsmechanismen zu finden. Die durch ein kleines Loch im Stapel hindurchkommenden
Ionen tre�en dann auf eine Thomson-Parabel.

Abbildung 3.2: Schematischer Aufbau des im August durchgeführten Experiments zur Beschleunigung
von Ionen mithilfe von Laserstrahlung. Der von links einlaufende Laserstrahl wird über
eine Parabel auf das senkrecht angeordnete kryogene Target fokussiert. Die aus diesem
beschleunigten Ionen tre�en auf den RCF-Stapel und deponieren dort Energie. Die durch
ein kleines Loch im Stapel hindurchkommenden Ionen tre�en dann auf eine Thomson-
Parabel.
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Abbildung 3.3: Schematische Darstellung des Aufbaus beider Experimentkampagnen zur Beschleunigung
von Ionen mithilfe von Laserstrahlung. Der hier von oben kommende Laserstrahl wird
über einen Umlenkspiegel auf eine Parabel umgeleitet, die den Strahl auf das Target fo-
kussiert. Hinter diesem befindet sich das Objektiv der Fokusdiagnostik (roter Kasten),
dessen Strahl auf eine Kamera fällt (grün) und zusammen mit der eingebauten LED zur
exakten Justierung des Lasers auf das Target genutzt wird. Als Detektoren für beschleu-
nigte Ionen dienen ein RCF-Stapel und eine Thomson-Parabel [43].

24

Demonstration of BOA at the PHELIX laser
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(a) 9,1 MeV (b) 13,1 MeV (c) 17,1 MeV (d) 22,1 MeV (e) 26,1 MeV

(f) 29,1 MeV (g) 31,6 MeV (h) 34,1 MeV (i) 36,1 MeV (j) 38,6 MeV

(k) 42,6 MeV (l) 47,1 MeV (m) 50,1 MeV (n) 54,1 MeV (o) 57,6 MeV

(p) 61,1 MeV

Abbildung 4.12: Rohdaten der radiochromatischen Filme von Schuss 7451 bei einer Laserenergie von
214,2 J und einer Dicke des Plastik-Targets von 745 nm. Unter den Bildern ist die je-
weilige Bragg-Energie angegeben.

Das zu diesem Schuss gehörige Protonenspektrum ist in Abb. 4.13 abgebildet. Die entsprechenden Fit-
parameter ergeben sich zu:

TNSA:

N0 = (2,23 ± 0,28) · 1012

k

B

T = (14,72 ± 1,93) MeV

ECut = (37,96 ± 0,1) MeV

(4.12)

38

Demonstration of BOA at the PHELIX laser
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von Ionen mithilfe von Laserstrahlung. Der von links einlaufende Laserstrahl wird über
eine Parabel auf das senkrecht angeordnete kryogene Target fokussiert. Die aus diesem
beschleunigten Ionen tre�en auf den RCF-Stapel und deponieren dort Energie. Die durch
ein kleines Loch im Stapel hindurchkommenden Ionen tre�en dann auf eine Thomson-
Parabel.

23

target

p

a

r

a

b

o

l

a

 1053 nm

 0.5 ps

 200 J

focus and target 

alignment

Thomson 

spectrometer

LED

RCF

Abbildung 3.3: Schematische Darstellung des Aufbaus beider Experimentkampagnen zur Beschleunigung
von Ionen mithilfe von Laserstrahlung. Der hier von oben kommende Laserstrahl wird
über einen Umlenkspiegel auf eine Parabel umgeleitet, die den Strahl auf das Target fo-
kussiert. Hinter diesem befindet sich das Objektiv der Fokusdiagnostik (roter Kasten),
dessen Strahl auf eine Kamera fällt (grün) und zusammen mit der eingebauten LED zur
exakten Justierung des Lasers auf das Target genutzt wird. Als Detektoren für beschleu-
nigte Ionen dienen ein RCF-Stapel und eine Thomson-Parabel [43].
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(a) 9,1 MeV (b) 13,1 MeV (c) 17,1 MeV (d) 22,1 MeV (e) 26,1 MeV
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(k) 42,6 MeV (l) 47,1 MeV (m) 50,1 MeV (n) 54,1 MeV (o) 57,6 MeV

(p) 61,1 MeV

Abbildung 4.12: Rohdaten der radiochromatischen Filme von Schuss 7451 bei einer Laserenergie von
214,2 J und einer Dicke des Plastik-Targets von 745 nm. Unter den Bildern ist die je-
weilige Bragg-Energie angegeben.

Das zu diesem Schuss gehörige Protonenspektrum ist in Abb. 4.13 abgebildet. Die entsprechenden Fit-
parameter ergeben sich zu:

TNSA:

N0 = (2,23 ± 0,28) · 1012

k

B

T = (14,72 ± 1,93) MeV

ECut = (37,96 ± 0,1) MeV

(4.12)
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BOA:

N0 = (7, 40 ± 0, 54) · 1011

k

B

T = (15, 55 ± 0, 40) MeV

ECut = (64, 58 ± 0, 1) MeV

(4.13)

Auch hier sieht man, dass die Routine höhere Maximalenergien bestimmt, als die den Filmen zuge-
ordnete. Bei diesem Schuss wäre es von Vorteil gewesen, wenn noch ein oder zwei mehr Filme im
Stapel verwendet worden wären, da Film (p) schon den letzten Film darstellt. Somit hätten noch höhere
Bragg-Energien gemessen werden können.

Abbildung 4.13: Spektrum der in Schuss 7451 beschleunigten Protonen bei einer Laserenergie von 214,2 J
und einer Dicke des Plastik-Targets von 745 nm. Die durch den TNSA-Mechanismus be-
schleunigten Protonen erreichen Maximalenergien von 37,96 MeV, die durch BOA be-
schleunigten Protonen 64,58 MeV.

Auch in Abb. 4.13 erkennt man, dass durch BOA höhere Teilchenenergien erreicht werden können, die
Anzahl der beschleunigten Protonen jedoch geringer ist als bei TNSA.

Die Schüsse, bei denen die Verwendung der oben beschriebenen Methode zur Trennung der beiden
Strahlteile nicht möglich war, werden hier nicht näher betrachtet. Die Rohdaten dieser Schüsse, sowie
die für das Gesamtspektrum der beschleunigten Protonen notwendigen Fitparameter, sind im Anhang
unter 7.1.2 Von Kratzern und Staub befreite RCF-Scans und unter 7.1.3 Fitparameter der integrierten Pro-
tonenspektren zu finden.

Zum Vergleich der Schüsse hinsichtlich der Targetdicke und der erreichten Maximalenergien dient Ta-
belle 4.1.
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Demonstration of BOA at the PHELIX laser
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Picture: Courtesy of  
Simon Busold

unique beam and hybrid technology testbed 
N = 1010 protons 

E = 10 MeV 
t ≈ ns / sub-ns 

DE ≈ 1% 



  IPAC Dresden | 18.5.2014  |  Markus Roth

Laser Ion Generation Handling and Transport 
LIGHT @ GSI



  IPAC Dresden | 18.5.2014  |  Markus Roth

Laser Ion Generation Handling and Transport 
LIGHT @ GSI

not suitable. By using two solenoidal magnetic lenses, where the first is working in focussing mode and
the second in collimation mode, a particular energy interval can be selected. Depending on the energy,
the number of particles might be too small. At this point it is possible to include a further ion optic
called debuncher. The longitudinal velocity spread of an energy interval causes the beam to expand. The
debuncher (a radio frequency cavity) is phased so that particles at the leading edge of a bunch (higher
momentum particles) are decelerated while the trailing particles are accelerated, thereby reducing the
energy spread of the beam and increasing the number of particles for the particular energy [131].

Both ion optics and their impact on the capture and transport of laser-accelerated proton beams is
summarized in figure 2.3. The solenoidal magnetic lense as collimating device collects as much particles
as possible and bend the particle orbits to the point where the inital divergence vanishes (see phase
space illustrations). After a certain drift section, the stretched bunch enters the debunching unit. The
number of particles for the energy, which is in phase with the frequency of the cavity, is increased by
deceleration of the leading egde and acceleration of the trailing protons.

Abbildung 2.3: Sketch of the ion optics used for capture and transport of laser-accelerated proton beams.
The radial and longitudinal magnetic field of the solenoid leads to a phase space rotation of the initial proton
distribution for a matched energy interval. The protons leaving the solenoid have a vanishing divergence and
a constant beam radius. After a certain drift, the particles enter the debunching section. Here, the part of the
energy spectrum, which is in phase with the frequency of the cavity, is modified. Protons lagging behind the
synchronous particle experience a higher gap voltage and gain a larger velocity increment while advanced
particles are retarded. Hence, the number of particles for the synchronized proton energy is increased, and
the energy spread for this energy interval is reduced.

2.4 Control of Laser-Accelerated Proton Beams 23



Coil design from HZDR

  IPAC Dresden | 18.5.2014  |  Markus Roth

Courtesy: Thomas E. Cowan

03.10.2013  |  11th microbeam workshop  |  Simon Busold 
 

solenoid 

stand alone pulsed power system 
 
 
 
 
 
 
 
!  Bz,max = 8.7 T in solenoid 
 
!  large open aperture for high capture 
efficiency 

150 mm 

4 layers copper windings 
40.5 mm 
open aperture 
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bunch characterization for cavity

03.10.2013  |  11th microbeam workshop  |  Simon Busold 
 

bunch characterization for cavity 

focussing at 2.2m distance 
to source 
 
 
 
 
 
 
 
 
 
 
� 6.5e8 protons of 9.5MeV 
in spectral bin of 1MeV 
 
� real bunch much broader! 
 
� additional focusing inside 
solenoid through electrons 
on center axis? 

S. Busold et al., PR-STAB 16, 101302 (2013)
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cavity

connection to UNILAC HF 
 
 
!  3 gap spiral resonator 
 
!  108.4 MHz 
 
!  power >100 kW, >1 MV 
 
!  35 mm open aperture 

Plunger Drift Tubes 
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phase rotation

03.10.2013  |  11th microbeam workshop  |  Simon Busold 
 

phase rotation 

reference shots can be compared to DD results: 
- (enhanced) RIS*: σ = 0.68...0.72 MeV 
- DD: σ = 0.7...0.9 MeV 
 
energy compressed shots can be compared to dipole results: 
- (enhanced) RIS*: σ = 0.04 MeV 
- (dipole: ΔE < 0.1 MeV) 

*F. Nürnberg et al., RSI 80, 033301 (2009) F. Nürnberg et al., RSI 80, 033301 (2009)!

S. Busold et al., PR-STAB 17, 031302 (2014)

Energy selection and width for 9.6 MeV : !
18.0 ± 3.0 % due to chromatic focusing of the solenoid!
  2.7 ± 1.7 % using the cavity
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Options and perspectives

Second focus (2nd solenoid)  
6 D focus - optimum performance without extra apertures -

L=150 mm, B=2.5 T

Time focus (< 100 ps)  and spatial focus (< 200 µm)  
coinciding (6.05 m)            ~ 6% of input intensity

Ingo Hofmann 
Helmholtz Institut Jena / GSI

zz z
4.6 m drift Rf voltage 4.6 m drift z

1010 Protonen:    6x1018 p/s;   2x1022 p/(s cm2) 
!
             @ 10 MeV: 36 GW/cm2
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•Experimental proof that BOA, based on relativistic transparency of solids 
works 

•more than 130 MeV protons @ trident and 70 MeV @ PHELIX 
(only 40 J on target) 

•Capture, transport and shaping of laser driven ion (proton) beams by the 
LIGHT collaboration 

•real, mono-energetic ion beams available for applications 

•Developed world’s brightest laser driven neutron source based on BOA 
and demonstrated first laser driven neutron radiography 

•Using gated imager and gamma flash objects can be probed with x-rays 
and neutrons at different energies --> material identification 

•Neutrons with more than 200 MeV observed 

•Ion beams physics and neutron science becomes available to 
universities using short pulse lasers
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