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Zhavoronkov, and G. Steinmeyer, ”Self-compression by femtosecond pulse fil-
amentation: Experiments versus numerical simulations” Phys. Rev. E 74,
056604 (2006).
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Introduction

Since the invention of the laser in the year 1960, a continuous progress in the
development of lasers has been made. Especially with the ”Chirped Pulse
Amplification” (CPA) technique invented in 1985, a rapid enhancement of
the laser intensity was achieved in the last two decades which is still going
on. The pulse duration has been decreased down to a few femtoseconds.
By focusing these pulses tightly to several micrometers in diameter huge
intensities are reached. The interaction of these intense and short laser pulses
with matter causes multifarious phenomena which are in the focus of recent
investigations.

At intensities of ≥ 1013 W/cm2 non-linear effects become dominant and
provide many important applications e.g. High-Harmonic generation (HHG)
in gases and the generation of attosecond pulses. At higher intensities the
interaction of laser pulses with solids creates hot-dense plasmas which can
be used to construct x-ray lasers. If the laser intensity is increased further,
the border of the relativistic regime will be reached at intensities above 1018

W/cm2. This regime is characterized by relativistic velocities of electrons
accelerated in the laser field. In this case relativistic effects and the magnetic
component of the laser field cannot be neglected anymore.

Electrons as well as protons can be accelerated up to energies of 1 GeV and
58 MeV, respectively with laser systems which are available today (∼ 1021

W/cm2). Whereas electrons are accelerated directly by the field of the laser
pulse, protons and ions are accelerated by secondary processes. Electric fields
at the rear side of irradiated solid targets are responsible for the proton and
ion acceleration. They reach field strengths of about 1012 V/m with a lifetime
of a several picoseconds.

The most pronounced differences to proton beams produced by conven-
tional accelerators are the low emittance (high laminarity) and the short
duration of the proton bunches (of the order of a picosecond at the source).
Different applications established recently benefit from these beam attributes.
High-energy-density matter can be created, which is of interest for astro-
physics [1, 2]. Furthermore, these beams are predestined for temporally and
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spatially resolved pump-probe experiments.
Laser induced particle beams have also a high potential for future appli-

cations. They could be injected into common accelerators, benefitting from
the unique attributes of the beams [2, 3]. Further on, the advantages of laser
induced proton beams are discussed in the scope of cancer therapy [4, 5].
Since a proton beam of a certain energy deposits its energy mainly in the
Bragg peak, it can be used to destroy tumors in regions which are difficult to
access surgically (e.g. eye, cerebric). Another possible medical application
is the creation of radioisotopes used in positron emission tomography (PET)
[6].

In fact, proton and ion beam parameters which are accessible today are
far away from being used in the above mentioned applications. Therefore
further investigations of the acceleration mechanisms are required to achieve
higher proton energies and tailored proton spectra. The progress in this area
of research is growing rapidly. One possibility to reach these goals is to vary
the laser parameters. The most promising parameters are the intensity and
the contrast of the laser pulse. Thus, ever more powerful lasers are being
built and new techniques for pulse cleaning are being developed [7–9]. If
these new laser parameters will be available in the near future they will open
a door to further physical processes and to new acceleration schemes.

Another important issue is the choice of the target - the ion source. Re-
cently different target types were investigated to shape the ion beams. By
using curved targets the emission angle of the ion beam can be influenced.
Concave targets can focus or collimate the whole ion beam [1, 10–12]. To
achieve tailored spectra, especially monoenergetic ion beams, different ap-
proaches exist. For instance, in reference [13] micro-structured targets were
used. In reference [14] quasi-monoenergetic ions are accelerated by heat-
ing the target and thus manipulating the target surface. At the Max-Born-
Institute it was shown for the first time that water-droplet targets can deliver
nearly monoenergetic deuteron and proton beams [15, 16].

The present work focuses on proton acceleration scenarios using different
target types in order to get a further insight into complex relations between
laser-plasma interaction, plasma kinematics and associated strong fields. A
powerful diagnostic tool for these investigations is the proton beam itself. It
can be used to investigate the acceleration process by probing fields inside a
second laser-induced plasma where proton and ion acceleration takes place.
This technique is called ”Proton Imaging” or ”Proton Radiography” and is
used for several investigations presented in this thesis. Laser interactions
with thin foils and mass-limited targets (water-droplets) at laser intensities
between 1017 − 1018 W/cm2 will be discussed. Therefore common proton
imaging schemes were adapted and developed further. These novel techniques
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allow detailed investigations of huge transient electric fields (108−1012 V/m)
responsible for the proton (ion) acceleration and connected to the expansion
into the vacuum. Additionally, investigations of the beam characteristics
deliver information about the acceleration scenario and are included in this
thesis.
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Chapter 1

Ultra Short and Intense Laser
Pulses

In the following chapter fundamental aspects of laser pulses and their in-
teraction with single electrons will be discussed. At first the mathematical
description of laser pulses is given. The relation between time and frequency
domain will be explained and the concept of generating ultra short pulses
will be sketched shortly. Then the interaction of the laser pulse with sin-
gle electrons in the relativistic case will be discussed and the ponderomotive
force will be introduced.

1.1 Mathematical Description

The electric field of short laser pulses can be described either in the time
or the frequency domain. Both formalisms are related to each other by the
Fourier transformation:

E(t) =
1√
2π

∫

∞

−∞

Ẽ(ω) eiωt dω, (1.1)

Ẽ(ω) =
1√
2π

∫

∞

−∞

E(t)e−iωt dt. (1.2)

Due to the fact that E(t) is real, the symmetry of Ẽ(ω) is given as follows:

Ẽ(ω) = Ẽ∗(−ω), (1.3)

where (∗) indicates the complex conjugated function. The symmetry shows
that the whole information of the pulse is already given in the positive part

7



8 Ultra Short and Intense Laser Pulses

of the function. Thus, the reduced function Ẽ+(ω) is defined as:

Ẽ+(ω) =

{

Ẽ(ω) if ω ≥ 0
0 if ω < 0

(1.4)

The inverse Fourier transformation of Ẽ+(ω) delivers a description of the
electric field which is a complex function now. Thus, both functions can be
expressed by their amplitude and phase:

E+(t) = Aampl(t) eiφ(t), (1.5)

Ẽ+(ω) = Ãampl(t) e−iφ̃(ω). (1.6)

The phase functions φ(t) and φ̃(ω) can be developed by Taylor series:

φ(t) =
∞
∑

j=0

aj

j!
tj, (1.7)

φ̃(ω) =
∞
∑

j=0

ãj

j!
ωj. (1.8)

The coefficients of the zeroth order (a0, ã0) represent a constant phase, which
shifts the carrier wave within the fixed envelope (”carrier-envelope phase”).
The first order coefficients (a1, ã1) shift the pulse in time and in frequency do-
main, respectively. With the slowly varying envelope approximation (SVEA)
[17] a residual phase can be defined where ωL represents the central laser (an-
gular) frequency:

ϕ(t) = φ(t) − ωLt. (1.9)

The time dependent instantaneous (angular) frequency can be defined by:

ω(t) =
dφ(t)

dt
= ωL +

dϕ(t)

dt
. (1.10)

If the instantaneous frequency is constant in time the pulse is called unchirped
and represents a bandwidth-limited pulse, the shortest pulse which can be
created with a given spectral width. Pulse duration τL and spectral band-
width ∆ωp are connected by:

τL∆ωL ≥ cB, (1.11)

due to the Fourier transformation (Eq. 1.1 and 1.2). The constant cB depends
on the spectral shape of the pulse (e.g. gaussian: cB = 4 ln 2).

Higher (j ≥ 1) orders of the spectral phase are often not temporally con-
stant. That means that the instantaneous frequency is changing in time. If
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the frequency increases/decreases the pulse is called up-/down-chirped 1. A
pulse with dω(t)/dt = d2ϕ(t)/dt2 = a2 = const is called linearly chirped, the
frequency is changing linearly in time. Pulses gain higher orders of the spec-
tral phase, e.g. by dispersion, when propagating through material. In the
Chirped Pulse Amplification (CPA) [18] scheme a linear chirp is generated
by different propagation distances of the spectral components. The stretched
pulse is amplified without the risk of damaging the optical components (es-
pecially the amplifier crystals). After amplification the chirp is compensated
by a compressor consisting of two gratings mostly. Alternative schemes exist
to compensate higher orders (≥ 1), for example chirped mirrors [19], prisms
or a deformable mirror in the compressor to vary the propagation length of
the spectral components.

Aside from generating bandwidth-limited pulses by flattening the spectral
phase a defined manipulation of the spectral components by a ”pulse shaper”
(e.g. a liquid-crystal display in the spectral split beam) leads to special
temporally shaped pulses which are of interest for several applications [20,
21].

Assuming a constant phase the pulse duration is limited by the spectral
bandwidth. To shorten the pulse duration further the bandwidth has to be
increased. For this, different methods can be used e.g. Self-Phase Modulation
(SPM) in gas-filled hollow fibers [22], or the generation of pulse filaments in
gas-filled tubes [23]. The use of these techniques is limited to several mJ pulse
energy. Self-phase modulation affects the phase and broadens the bandwidth
without influencing the temporal amplitude. Thus, an additional pulse com-
pression is necessary. Recent experiments at the Max-Born-Institute showed
that under some conditions the pulse can be self-compressed by pulse fila-
mentation [24, 25]. Details concerning these experiments, including measure-
ments with the MBI TW laser can be found in reference [25].

Using Equation 1.5 and 1.9 the electric field can be split into the complex
envelope function Aampl(t) eiϕ(t) and the fast oscillating term eiωLt:

E+(t) = Aampl(t) eiϕ(t) · eiωLt. (1.12)

The real valued temporal electric field can be now reconstructed from E+(t)
as follows:

E(t) = 2Re(E+(t)) (1.13)

= 2Aampl(t) cos(ωLt + ϕ(t)). (1.14)

1alternative notation: positive-/negative-chirped
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Averaging the electric field, the temporal intensity can be calculated:

I(t) = ε0c
1

T

∫ t+T/2

t−T/2

E2(t′) dt′. (1.15)

If the slowly varying envelope approximation is valid Eq. 1.15 can be reduced
to:

I(t) = 2ε0cA
2
ampl(t). (1.16)

This formula defines the temporal intensity for a linear polarized laser pulse.
In the experiments the peak intensity is usually used to characterize the laser
pulses:

I0 =
1

2
ε0cE

2
0 (1.17)

and is typically given in [W/cm2].

1.2 Single Electron Interaction

The motion of an electron caused by an electromagnetic field E and B in
vacuum is described by the Lorentz equation [17]:

dp

dt
=

d (γmev)

dt
= −e(E + v × B). (1.18)

In the non-relativistic regime (γ = 1/
√

1 − v2/c2 ≈ 1) the electron oscillates
in a linearly polarized laser field with an amplitude (y0) and a maximum
velocity (v0) of:

y0 ≈
e E0

me ω2
L

, v0 ≈
eE0

me ωL

, (1.19)

assuming a plane wave (E0 = 2Aampl) with the (angular) frequency ωL. The
maximum velocity is used to define the dimensionless normalized vector po-
tential a0:

a0 =
v0

c
=

e E0

me ωL c
. (1.20)

Using Eq. 1.17 and 1.20 the laser intensity is given by:

I0 =
a2

0

λ2
· ε0m

2
ec

5

2e2
(2π)2 ≈ a2

0

λ2
· 1.37 · 1018 W/cm2 · µm2. (1.21)

To calculate the electron trajectories for a0 ≥ 1, the equation of motion
(Eq. 1.18) has to be discussed fully relativistically. This corresponds to an
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intensity of > 1018 W/cm2. Assuming a linearly polarized plane wave prop-
agating in the x-direction with the vector potential A:

A = (0, A0 sin (k x − ωL t), 0), (1.22)

the electric and magnetic field can be described as follows:

E = −∂A

∂t
= E0 cos (k x − ωLt) ey, E0 = ωLA0 (1.23)

B = ∇ × A = B0 cos (k x − ωLt) ez, B0 = kA0 (1.24)

Substituting Eq. 1.18 with these formulas the equation of motion can be
written as:

dp

dt
= e

(

∂A

∂t
− v × (∇ × A)

)

. (1.25)

The momentum in y-direction is determined by:

dpy

dt
= e

(

∂Ay

∂t
+ vx

∂Ay

∂x

)

(1.26)

py − eAy = α1. (1.27)

The constant α1 is related to the initial momentum in y-direction. Since
the magnetic field has a component in z-direction only, the momentum in
x-direction is determined by (cf. Eq. 1.18):

dpx

dt
= −evyBz = mec

dγ

dt
. (1.28)

Using the energy equation and the relation between E0 and B0 from Eq. 1.23
and 1.24:

d

dt
(γmec

2) = −e(v · E), (1.29)

E0

c
= B0, (1.30)

a description of the momentum in x-direction can be found:

γ − px

mec
= α2, (1.31)

where α2 is the second invariant of the electron motion. Using γ2 = 1 +
p2/(me c)2 a relation between px and py is given by:

γ2 = 1 +
p2

x

(mec)2
+

p2
y

(mec)2
, (1.32)
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px

mec
=

1 − α2
2 + (py/mec)

2

2α2

. (1.33)

To calculate the electron trajectories the following formula has to be inte-
grated using r = (x, y, z):

p = γme
dr

dt
= γme

dr

dφ

dφ

dt
= −meωL

dr

dφ
. (1.34)

In case of a linearly polarized plane wave in y-direction the trajectories are
determined with the initial values t = 0, py = 0, x = 0 and y = 0 (α1 = 0
and α2 = 1) by:

x =
c a2

0

4 ωL

(

φ − 1

2
sin (2φ)

)

, (1.35)

y =
c a0

ωL

(1 − cos φ) . (1.36)

The y-coordinate is oscillating as in the non-relativistic regime, whereas the
x-coordinate is oscillating with twice the laser frequency and with an addi-
tionally drift. The drift velocity vD can be estimated averaging over one laser
cycle:

x̄ =
c a2

0

4 ωL

φ =
c a2

0

4 ωL

ωL t − c a2
0

4 ωL

ωL

c
x̄ (1.37)

=
c a2

0

4
t − a2

0

4
x̄ (1.38)

vD =
x̄

t
=

c a2
0

4 + a2
0

. (1.39)

In Fig. 1.1 A, the trajectory of an electron is shown being in rest before
hit by a plane wave with infinite duration. In a more realistic case when the
electron is deflected by a laser pulse of finite duration, the electron is at rest
after the electric field disappears. Thus, the particle does not gain net energy.
The electron trajectory is shown in Fig. 1.1 B-D for this case. The electron
is pushed in laser forward direction while oscillating with the laser frequency
and is at rest after the laser pulse is gone. In fact, this case is not realistic
at all since the laser pulse is usually focused tightly. If the focus is in the
range of the lateral deflection the electron can escape due to the decreasing
intensity and thus due to the decreasing restoring force. The electron leaves
at an angle θ dependent on its kinetic energy. This phenomenon is called
ponderomotive scattering and will be discussed in the next section.
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C D

E F

Figure 1.1: A - Electron trajectory caused by a infinite plane wave (a0 = 2) (laboratory
frame). B-D - Electron trajectories for a pulse duration of 15 fs with same maximum
intensity.

1.3 Ponderomotive Force

Averaging over the equation of motion in time leads to the definition of the
ponderomotive force. This force is caused by the gradient of laser intensity
which becomes relevant if e.g. a focused laser pulse or a density profile is
present. In the following the ponderomotive force in vacuum will be dis-
cussed.

In the non-relativistic case (v/c ≪ 1) the equation of motion can be
written as:

∂vy

∂t
= − e

me

Ey(r). (1.40)

The electric field Ey, polarized in y-direction and propagating in x-direction,
has a radial intensity dependence2 and can be expressed by a Taylor expan-

2only the dependence in the y-direction will by considered in the following
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sion as follows [17]:

Ey(r) ≃ E0(y) cos φ + y
∂E0(y)

∂y
cos φ + ... (1.41)

where φ = ωt− kx. The first order can be calculated by integrating Eq. 1.40
using Eq. 1.41:

v(1)
y = − eE0

meω
sin φ, y(1) =

eE0

meω2
cos φ. (1.42)

Using Eq. 1.42 and Eq. 1.40 one gets:

∂v
(2)
y

∂t
= − e2

m2
eω

2
E0

∂E0(y)

∂y
cos2 φ. (1.43)

Averaging the corresponding force over one cycle leads to:

fpond = me
∂v

(2)
y

∂t
= − e2

4meω2

∂E2
0(y)

∂y
. (1.44)

This is the definition of the ponderomotive force in the non-relativistic case.
Since the force is dependent on the gradient of E2

0 electrons will be pushed
away from regions of higher intensities. The fully relativistic discussion deliv-
ers an additional factor (1/〈γ〉) where 〈γ〉 is the relativistic factor γ averaged
over the fast oscillations [26]:

fpond,rel = − e2

4me〈γ〉ω2

∂E2
0(y)

∂y
. (1.45)

The angle between electron trajectory and the laser axis can be determined
by the ratio of the transversal and longitudinal momentum:

tan θ =
py

px

=

√

2

γ − 1
, (1.46)

or

cos θ =

√

γ − 1

γ + 1
. (1.47)

For a linearly polarized and focused laser pulse one would expect an angular
spread of the scattered electrons only in the x-y-plane (polarization plane).
Due to the fact that for a focused laser pulse an axial magnetic field Bx = ∂Ay

∂z

exists, a force in the z-direction of the same order as the y-component of
the ponderomotive force will act. Thus, the electrons are scattered radially
symmetrical [17, 27–30].



Chapter 2

Plasma Physics

In Chapter 1 the interaction of laser light with matter was discussed for single
electrons only. Since the plasma consists of a high number of electrons and
ions, processes in plasmas are better described by a fluid model. Thus, also
collective effects can be discussed analytically.

2.1 Light Propagation in Plasmas

If the laser field displaces electrons from ions the charge separation causes a
restoring force. Due to their higher mass, ions can be regarded as an immobile
charged background. The resonance frequency of the resulting oscillation is
called plasma frequency ωP and is determined by [17]:

ωp =

√

e2ne

ε0me

, (2.1)

where ne is the electron density. For an underdense plasma where ωP < ωL

light can propagate through the plasma. If the plasma frequency increases
(increase of the electron density) up to ωP = ωL the laser light is no longer
transmitted (cf. Eq. 2.4). Thus, the critical density nc is defined by:

nc =
ε0meω

2
L

e2
. (2.2)

Using the dispersion relation for electromagnetic waves in a plasma [31]:

ω2
L = k2c2 + ω2

P , k2 =
ω2

Lε

c2
, (2.3)
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the refractive index (nR =
√

ε) of the plasma can be calculated as follows:

nR =

√

1 − ω2
P

ω2
L

=

√

1 − ne

nc

. (2.4)

Now it is obvious that for ωP > ωL the refractive index becomes imaginary
and thus the light can not propagate in the overdense (or overcritical) plasma.

This effect is essential for many applications e.g. for optical probing of
plasmas where the critical density defines how deep one can look inside the
plasma. Therefore usually the second or third harmonic is used to get a
slightly deeper look inside [32]. Nevertheless the critical density represents
the limiting factor for optical investigations of dense plasmas. In contrast
to that, proton imaging presented in Part III is not restricted by this phe-
nomenon and is therefore a powerful tool for plasma investigations.

The reflection of laser light at the critical (density) surface can also be
used for applications. Recently the development of plasma mirrors for the
temporal pulse cleaning has gained attention [8, 33–36]. Hence, the laser
beam is weakly focused on an antireflection coated glass plate so that the
peak intensity reaches about 1015 − 1016 W/cm2. Since the glass plate is
transparent, the low intense part in front of the laser peak is transmitted
through. If the laser intensity reaches the ionization barrier (1012 − 1013

W/cm2) a plasma is created and the high intense part of the laser pulse
is reflected at the critical surface. With such a device the contrast of the
laser pulse can be increased by 2-3 orders of magnitude usually to a value of
1:1010. More details especially of the plasma mirror installed at the MBI can
be found in reference [37].

Up to now the non-relativistic case a0 ≪ 1 was discussed. If the laser
intensity increases up to a0 ≈ 1 the plasma frequency and the critical density
gain an additional term:

ωP,rel =

√

nee2

ε0γme

, nc,rel =
γε0meω

2
L

e2
, (2.5)

where γ =
√

1 + a2
0/2 [38] represents the relativistic mass increase of the

electrons which is averaged over the fast oscillation of the laser field and over
a large number of electrons. The plasma frequency is now dependent on the
laser intensity and thus new phenomena appear.

One effect is the laser induced transparency. Eq. 2.5 shows that for
increasing intensities the plasma frequency decreases. The plasma becomes
transparent if:

ne <
ε0ω

2
Lme

e2
·
√

1 +
a2

0

2
. (2.6)
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The laser pulse can penetrate deeper into the plasma than the classical critical
density would allows.

Regarding a focused laser beam with the spatial dependence a(r) =
a0 exp (−r2/2σ2

0) the refractive index can be calculated by substituting Eq. 2.4:

nR,rel =

√

√

√

√
1 − ω2

P

ω2
L

√

1 + a(r)2

2

. (2.7)

The relativistic refractive index depends on the distance to the beam axis.
For a beam profile which peaks at the beam axis (dnR,rel/dr < 0) it acts
like a focusing lens. This phenomenon is called relativistic self-focusing.
If the critical power of Pc,rel ≈ 17.4 GW ·nc/ne [39] is reached the laser is
focused due to the mass increase of the relativistic electrons. Additionally the
mechanism of ponderomotive scattering discussed above pushes the electrons
out of the focus (regions of higher intensities). Thus, the electron density is
modified dependent on the distance to the beam axis (ne(r)). This leads
to an additionally focusing (ponderomotive self-focusing) and hence a
relativistic plasma channel can be formed [39].

For the same reason, the increase of the electron mass, a similar effect
can be observed regarding the temporal beam profile. The intense part of
the pulse propagates with a higher group velocity than the less intense part
of the beam since the group velocity is defined by:

vg = c · nR,rel = c ·
√

√

√

√
1 − ω2

P

ω2
L

√

1 + a(t)2

2

. (2.8)

This results in a temporal relativistic profile steepening at the front of
the laser pulse (cf. Fig. 2.1).

Apart from relativistic effects discussed above the interaction of a non-
relativistic laser beam with a non-linear medium can lead to similar effects.
The reason therefore is not the increase of the electron mass but the intensity
dependent refractive index of non-linear media. Hence phenomena like self-
focusing, self-steepening and filamentation can appear [40]. Additionally,
self-phase modulation, frequency mixing and other effects were observed and
are used in many applications [41–44].

2.2 Debye Length

Inside plasmas a Coulomb potential is shielded by the surrounding electrons.
For the discussion the electrons are regarded as a fluid and c.g.s. units are
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C D

Figure 2.1: A - Profile of a 20 fs pulse with a0 = 2. B - Pulse profile after roughly 2
mm propagation in a medium with ne = 1.5 · 1019cm−3 whereas only the initial intensity
distribution and resulting group velocity was taken into account.

used. Therefore the equation of motion can be written as [31]:

neeE + ∇pe = 0, (2.9)

where E is the electric field and pe the electronic pressure. For an ideal gas
the pressure is given by:

pe = nekBTe, E = −∇ϕel, (2.10)

where Te is the electron temperature and ϕel the electrostatic potential. Thus,
Eq. 2.9 can be written as:

nee∇ϕel = kBTe∇ne. (2.11)

The solution of this equation delivers the electron distribution:

ne = n0e exp

(

eϕel

kBTe

)

. (2.12)

n0e represents the initial electron density. The potential ϕel can be deter-
mined using the Poisson equation:

∇2ϕel = −4πZeδ(r) + 4πe(ne − n0e), (2.13)

where δ(r) is the Dirac function. For exp
(

eϕel

kBTe

)

≪ 1 one can assume

exp
(

eϕel

kBTe

)

≈ 1 + eϕel

kBTe
. Substituting Eq. 2.12 into Eq. 2.13 one can write:

(

∇2 − 1

λ2
D

)

ϕel + 4πZeδ(r) = 0, (2.14)
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where λD is the electron Debye length defined by:

λD =

√

kBTe

4πe2n0e

. (2.15)

The solution of Eq. 2.14 is given by:

ϕel =
Ze

r
exp

(

− r

λD

)

. (2.16)

This formula shows that the potential is shielded by the electrons depending
on their energy and initial density. The effective range of the potential is
of the order of the Debye length. The number of electrons in the so-called
Debye sphere can be estimated by:

ND =
4

3
πneλ

3
D, (2.17)

and should be ≫ 1 for an effective shielding [31].

2.3 Plasma Expansion

The expansion of a plasma, described by an electron population with a
Boltzmann-like temperature distribution, determined by Te and an initial
density ne0 can be discussed self-similarly for the simplest case starting with
a step-like initial ion density (cf. Fig. 2.2). It is assumed that the electron dis-
tribution is in thermal equilibrium with the resulting electrostatic potential
ϕel:

ne = ne0 exp

(

eϕel

kBTe

)

. (2.18)

Using the Poisson equation and Zni0 = ne0 for x ≤ 0 as well as ϕel(−∞) = 0
one obtains:

ε0
∂2ϕel

∂x2
= e(ne − Zni). (2.19)

This can be integrated analytically for x = 0 to x = ∞ and delivers the
initial electric field at x = 0 [47]:

EFront,0 =

√

2

eE

Ei, (2.20)

where Ei =
√

ne0kBTe/ε0 and eE = 2.71828... . This initial electric field
depends on the initial electron density ne0 and the electron temperature Te
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Figure 2.2: On the left hand side the initial density distributions are shown schemati-
cally (t = 0). The electrons leak into the vacuum creating an electric field which drives
the plasma expansion. On the right hand side the densities are plotted during the expan-
sion process (t > 0). Note: The shown densities are sketching the results of numerical
simulations [45, 46] and can not be achieved by the self similar solution.

only. It results from the charge separation at the surface and thus from the
leaking of the hot electrons. The field is responsible for ionization of the
contamination layer at the rear surface of laser irradiated targets and for ion
acceleration. For an initial electron density of ne0 = 5 · 1020 cm−3 and a
temperature of Te = 600 keV the electric field is about 2 · 1012 V/m (see also
Chapter 3).

The temporal evolution of the ion and electron densities is described by
the equations of continuity and motion [47]:

(

∂

∂t
+ vi

∂

∂x

)

ni = −ni
∂vi

∂x
, (2.21)

(

∂

∂t
+ vi

∂

∂x

)

vi = −Ze

mi

∂ϕel

∂x
, (2.22)

where vi is the ion velocity and mi the ion mass. For x + cst > 0, with
the ion-acoustic velocity cs =

√

ZkBTe/mi, a self-similar solution exist, if
quasi-neutrality in the expanding plasma, ne = Zni = ne0 exp (−x/cst − 1)
is assumed. The ion velocity vi and the self-similar electric field Es is then
given by:

vi = cs +
x

t
, (2.23)

Es =
kBTe

ecst
=

Ei

ωpit
, (2.24)

where ωpi =
√

neZe2/ε0mi is the ion plasma frequency. The self-similar
solution is not valid for ωpit < 1 when the initial Debye length is larger than
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the self-similar scale length cst. Also for ωpit ≫ 1 the ion velocity would
increase unlimited for x → ∞. The self-similar solution becomes invalid when
the Debye length equals the density scale length cst, this position corresponds
to the ion front [47]:

λD = λD0 ·
√

ne0

ne

(2.25)

= λD0 · exp

(

1 + x
cst

2

)

(2.26)

≡ cst (2.27)

At this position Eq. 2.23 predicts an ion velocity of:

vp = 2cs ln ωpit. (2.28)

Integrating Eq. 2.24 over time, the electric field is determined by [47]:

EFront,ωpit≫1(t) = 2
Ei

ωpit
. (2.29)

Eq. 2.20 and 2.29 deliver two solutions for the electric field at the ion front,
for t = 0 and for ωpit ≫ 1. To describe the electric fields for all times and the
temporal evolution of the densities also for x < 0, numerical methods have
to be applied. In [46, 47] an expression for the field at the front has been
found:

EFront(t) =

√

2

eE

Ei
√

1 + τ 2
F

, (2.30)

with τF = ωpit/
√

2eE. For t = 0 and ωpi ≫ 1 this expression is similar to the
formulas discussed above (see also [45]).

Apart from the electric field which peaks at the ion front EFront, the
electric field between target surface and the front is almost homogeneous
and decreases with EPlateau ∝ t−2 [46, 47].

In a simplifying picture the electric field EFront,0 accelerates the ions which
are expanding together with the electrons into the vacuum with the decreas-
ing electric fields EFront(t) and EPlateau(t). The proton imaging discussed
in detail in Part III can visualize the influence of these fields on the proton
probe beam. Thus, information about the acceleration and the expanding
plasma can be gained by this method.



22 Plasma Physics



Chapter 3

Ion Acceleration

Due to their high mass, ions can not be accelerated directly by the field
of currently achievable laser pulses. Substituting the electron mass by the
1836 times higher proton mass (mp) in the vector potential a0, the averaged
kinetic energy which can be gained is defined by the ponderomotive potential
Φpond,prot as follows [17, 48]:

Φpond,prot = mpc
2(γ − 1) = mpc

2

(
√

1 +
a2

0

18362
− 1

)

. (3.1)

For a0 = 3 (I ≈ 1.5 · 1019 W/cm2) the ponderomotive potential becomes
Φpond,prot ≈ 1.3 keV which can be neglected within the scope of ion acceler-
ation. The relativistic threshold for protons is fulfilled for a0 = 1836 which
corresponds to an intensity of about 5 · 1024 W/cm2 and cannot be realized
by the present laser technology. But, a high fraction of the laser energy can
be transferred to electrons by multiple processes. The resulting hot electrons
create a charge separation. Thus, huge electrostatic fields are generated ac-
celerating ions to energies of several MeV. In the following several absorption
mechanisms are discussed to give an overview of the multifarious and com-
plex physical processes. They all deliver a fraction to the energy absorption
whereas the dominance of the mechanisms are determined by the experimen-
tal conditions e.g. temporal contrast and energy of the laser pulse, angle of
incidence and target type.

23
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3.1 Absorption Mechanisms

3.1.1 Resonance Absorption

Resonance absorption can take place if a p-polarized laser pulse irradiates the
target at an angle θ. The electric field perpendicular to the target surface
tunnels through the critical surface and resonantly drives an electron plasma
wave. This wave can be damped either by collision or collisionless processes.
Hot electrons are created since only a minority of the plasma electrons ac-
quires most of the absorbed energy. In Fig. 3.1 the density profile with the
scale length L is shown where ne = ncx/L. The scale length depends on the
temporal contrast of the laser pulse. The Amplified Spontaneous Emission
(ASE, see Chapter 4.1) or pre-pulses create a plasma at the surface of the
target. A higher contrast causes a smaller scale length. If the laser pulse
irradiates the target at an angle θ the light is reflected before reaching the
critical surface at x = L cos2 θ (see Fig. 3.1). A small scale length allows the
light to tunnel through the critical surface where the plasma wave can be
driven resonantly. A formulation of the absorption fraction can be found for
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Figure 3.1: A linearly polarized laser pulse with an incident angle θ is reflected at
x = L cos2 θ (ne = nc cos2 θ) before reaching the critical surface.

large scale length (kL ≫ 1). The behavior of the angular absorption is given
by Φ(ξ) where ξ = (kL)1/3 sin θ [31, 49]:

Φ(ξ) ≃ 2.3ξ exp

(−2ξ3

3

)

. (3.2)

This function is plotted in Fig. 3.2 A and has a maximum for ξ ≈ 0.8 which
corresponds to an angle of sin θ = 0.43(λ/L)1/3. That means that for larger
scale lengths this angle is decreasing. For L = λ the maximum absorption
can be reached at θ = 25◦. For a linear density profile the laser absorption
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fa can be estimated introducing a moderate damping [17, 50] by:

fa =
Iabs

IL

≃ 36ξ2 Ai(ξ)3

∣

∣

∣

dAi(ξ)
dξ

∣

∣

∣

, (3.3)

where Ai is the Airy function. At the maximum (ξ ≈ 0.8) the absorption is
about 60 %. fa is plotted in Fig. 3.2 B for two different scale lengths.

C D

 

Figure 3.2: A - The angular dependence of the resonance absorption determined by
Eq. 3.2. B - The absorption for two different plasma scale lengths (L = 10 µm and
L = λ = 0.8 µm.)

3.1.2 Brunel Absorption (Vacuum Heating)

This mechanism is named after F. Brunel who published the famous arti-
cle ”Not-so-resonant, Resonant Absorption” [51] in the year 1987. If the
oscillating electrons along the density gradient with the amplitude xp ≃
eEL/meω

2
L = vos/ωL exceed the density scale length vos/ωL > L the res-

onance breaks down [17]. On the other hand electrons close to the edge of a
sharp density profile can be accelerated into the vacuum during one laser half
cycle. When the field reverses these electrons are accelerated back into the
plasma as the laser field can not penetrate into the overdense plasma. Thus,
electrons are accelerated into the target and gain kinetic energy. In this sim-
ple model the v×B term is neglected. The angular dependence of the Brunel
absorption can be estimated analytically assuming a step-like density profile
and a relativistic increase of the electron mass. More details can be found in
references [17, 51]. As a result of the analytical discussion two limiting cases
will be presented, for a0 ≪ 1 and a0 ≫ 1. At low intensities the angular
dependence is determined [17] by:

ηa0≪1 =
a0

2π
f 3α(θ), (3.4)
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where θ is the incident angle, α(θ) = sin3 θ/ cos θ, f = (
√

1 + 8β − 1)/(2β)
and β = a0α/2π. The function is plotted in Fig. 3.3.

In the strongly relativistic case a0 ≫ 1 the angular dependence is defined
by:

ηa0≫1 =
4πα′(θ)

(π + α′(θ))2
, (3.5)

where α′(θ) = sin2 θ/ cos θ. The term is independent on the laser intensity
and exhibit a maximum at α′(θ) = π which corresponds to an angle of
θ = 73◦. Together with the low intensity case this function is plotted in
Fig. 3.3.

Figure 3.3: The angular dependence of the Brunel absorption is plotted for a0 ≫ 1 and
a0 = 0.1.

It has to be taken into account that in this simple model several mecha-
nisms are neglected. For high laser intensities the v ×B term influences the
electron trajectories and pushes the electrons in laser forward direction (see
Chapter 2). Also a finite density profile should be considered for a more real-
istic case. In reference [52] simulations for different plasma scale length were
done showing an absorption of the laser energy about 70 % at low intensities
(Iλ2 = 1016 W/cm2 µm2) and scale lengths of L/λ ∼ 0.1. At high intensities
and short scale lengths the absorption is only about 10 − 15 %. It has also
been shown that the optimum angle is about 45◦ for such intensities [17]
which differs from the estimations discussion above. The reasons for this are
DC currents at the target surface which create a magnetic field and inhibit
the returning of the electrons to the plasma.
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3.1.3 Ponderomotive Acceleration, Hole Boring and
j × B Heating

The ponderomotive force, discussed in Chapter 1.3, pushes electrons away
from the area of high intensities along the field gradient. The averaged kinetic
energy they can gain is given by the ponderomotive potential:

Φpond = Ekin = mec
2(γ − 1) (3.6)

= mec
2

(

√

1 + a2
0 − 1

)

. (3.7)

At an intensity of a0 = 3 the kinetic energy which is usually associated
with the electron temperature can be estimated to be about 690 keV. The
field gradient is directed normal to the critical surface and thus electrons are
accelerated perpendicular to the surface of the overcritical plasma into the
target.

In fact, this surface will be modulated by the interaction with the laser
pulse. The light pressure pL = 2I/c [17, 48] (for normal incidence and
without laser absorption) reaches a value of about 6.6 Gbar at an intensity
of 1 · 1019 W/cm2. Since the laser pulse bores a hole into the plasma this
effect is named Hole Boring. The velocity can be estimated by balancing the
momentum flux of the mass flow with the light pressure (assuming pe ≪ pL):

∂

∂x
(nimiuu) +

∂

∂x
(Zpe + pL) = 0 (3.8)

and using momentum and number conservation (miniu = const.) [17, 48]:

u

c
=

√

ncZme

2nemi

Iλ2
µ

1.37 · 1018
. (3.9)

u is the velocity of the critical surface, ni and ne the ion and electron density
and Z the ion charge state. With a ratio of nc/ne = 1/4 and an intensity
of 1019 W/cm2 the velocity has a value of 0.0244 c. Thus, the plasma moves
roughly 0.4 µm in 50 fs and 14.7 µm in 2 ps. Hence the effect is more
pronounced for temporal long pulses with high intensities. This effect was
observed experimentally by analyzing the wavelength shift of the reflected
laser pulse [53]. The deformation of the plasma influences the directionality
of the electrons since they are accelerated along the density gradient. Thus,
electrons are not only accelerated perpendicular to the target surface but also
in direction between target surface and laser axis.

The v×B term for relativistic laser intensities causes an oscillation with
twice the laser frequency in direction of the laser propagation. This was
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already discussed in Chapter 1.2 (Eq. 1.35). Similar to the Brunel absorption,
electrons can gain kinetic energy at a step-like density profile by propagation
into the overdense region where no restoring force of the laser light acts. The
force on the electrons in laser direction can be written as follows [17]:

fx = −m

4

∂v2
os(x)

∂x
(1 − cos 2ωLt). (3.10)

The first term is the ponderomotive force again (cf. Chapter 1.3) and the
second term leads to a heating of the electrons. This mechanism is most
effective for normal incidence and high intensities and is named j×B heating.

3.2 Target Normal Sheath Acceleration

As described above hot electrons are generated due to the coupling of the laser
light with the plasma. They gain 10-50 % [27, 54–59] of the laser energy and
are accelerated in direction of the density gradient or in direction of the laser
propagation. They travel through thin targets of (e.g. 13−0.8) µm thickness
in a cone of 10◦ − 30◦ [59] due to deformations of the critical surface by the
ponderomotive force. The electrons interact with cold electrons or nuclei
inside the target. These collisions cause a scattering of the electron beam
and an emission of x-rays and other types of particles [59]. Also collective
mechanisms play a role since the current of the electrons is typically in the
order of the Alfvén limit, the maximum current that can be transported
by an electron beam in vacuum: IA(kA) = 17βγ [59] or even 2-3 orders of
magnitude above. The cold electrons inside the target neutralize the space
charge of the beam which otherwise would lead to a coulomb explosion of the
beam. On the other hand these cold electrons create a return current which
satisfies the Alfvén limit for the total current whereas this limit is exceeded
by the hot electron current. The resulting magnetic field around the electron
beam guides the propagation of the electrons. Additionally, electromagnetic
and electrostatic instabilities can arise, e.g. the Weibel instability [59–63]
and electron filaments can be generated.

When the electrons reach the rear side of the target only the fastest
electrons (precursor electrons) can escape since a potential will be build up
which hinder the electrons to escape. The electrons which can not escape turn
around reentering the target surface and starting to oscillate [64, 65]. These
electrons which leak into the vacuum (as discussed in Chapter 2.3) create a
so-called electron sheath. This charge separation generate an electric field
which accelerates the ions while expanding and decreasing in time.
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where η has a maximum of 0.5 at an intensity of 3.1 · 1019 W/cm2. The
number of electrons is determined by:

Ne ≈
η · EL

kBTe

. (3.13)

The electron density ne can be estimated by the number of hot electrons
occupying a volume defined by the electron spot at the rear side multiplied
by the laser pulse duration:

ne ≈
Ne

cτπB2
, (3.14)

where B = rL + d tan θ, rL the laser focus, d the target thickness and θ ≈
10◦ − 30◦ the electron propagation angle. Assuming a laser pulse with an
intensity of IL = 2 · 1019 W/cm2 leads to:

η ≈ 0.35, Te ≈ 700keV, λD ≈ 0.14µm (3.15)

and finally to an initial electric field of about 4 · 1012 V/m.
To estimate the maximal proton energy the isothermal expansion which

was discussed in Chapter 2.3 can be used. From the velocity of the ion front
for ωpi ≫ 1 (cf. Eq.2.28) the proton energy can be estimated by [47]:

Eprot ≈ 2kBTe

(

ln
2ωpit√

2eE

)2

, (3.16)

where t is in the order of the laser pulse duration τL. The best fit to experi-
mental data was found in reference [2] with t ≈ 1.3τL. For a laser pulse with
IL = 2 · 1019 W/cm2 and τL = 40 fs, the maximum proton energy can be
estimated:

Eprot ≈ 1.4 MeV. (3.17)

In fact, in the experiments higher proton energies (up to 5 MeV) are observed.
The acceleration time t seems to be the critical parameter. The scaling with
the pulse duration (t ≈ 1.3τ) which was found in reference [2] agrees well with
experiments with pulse durations of τL > 100 fs. But for ultra-short pulses
τL < 100 fs this scaling can not be used further without any restrictions (cf.
[67]).

An alternative possibility to estimate the maximum proton energy was
suggested in reference [68]. In contrast to the plasma expansion model (cf.
Chapter 2.3) the potential stays finite for (x → ∞). The ions gain energy by
the potential:

Ei(z) = −qieΦ(z) = Ei,∞

(

1 +
z

B
−
√

1 +
( z

B

)2
)

, (3.18)
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where Ei,∞ = qikBTeB/λD. The maximum proton energy is determined by:

τL

τ0

= X

(

1 +
1

2(1 − X2)

)

+
1

4
ln

1 + X

1 − X
, (3.19)

where τ0 = B/(2Ei(∞)/mi)
1/2 and X = (Eprot/Ei,∞)1/2. Eq. 3.19 predicts a

maximum proton energy of Eprot = 2.7 MeV which fits well with the experi-
mental observations.

It has to be noted that these estimations are very rough and can only de-
liver the order of magnitude of the parameters. For a better understanding
and predictions of the ion beam parameters, PIC simulations or hydrodynam-
ical models are required and can be found in several publications [46, 47, 69–
71].

3.3 Alternative Acceleration Mechanisms

The TNSA mechanism discussed above describes only one of the possible
accelerations schemes. In recent years a controversy occurs if this (target)
”rear-side” process or a ”front-side” acceleration is responsible for high ener-
getic (MeV) proton generation. The ”front-side” acceleration is explained by
the charge separation near the critical surface at the front-side of the target
[72]. A similar explanation is given in reference [73] by the so-called shock
acceleration. As discussed in Chapter 3.1.3 the laser radiation pressure can
accelerate the critical surface forward in laser direction (Hole Boring). This
can launch an ion acoustic wave into the target which can evolve into an
electrostatic shock [74] which accelerate the ions. One of the arguments for
this mechanism is the observed ring structure in the proton beam which can
be explained by magnetic fields which arise due to the propagation through
the target [73]. But also this feature is discussed controversy since a satura-
tion of the used CR39-detector can explain this structure [75]. On the other
hand experiments where the target is pre-heated and thus the contamination
layers are removed show a reduced proton signal whereas the ion signal is
enhanced [14, 76]. A pre-heated target, coated with CaF2 at the rear side
only was used to identify the ”rear-side” acceleration to be responsible for
the ion acceleration [76]. Once more it seems that neither the ”front-side”
nor the ”rear-side” can explain all observed phenomena at once. A complex
interaction of laser pulse intensity, target thickness and temporal contrast
(plasma scale length) causes the dominance of one of the mechanisms. In
reference [74] a scenario is discussed where both mechanism can act together
to accelerate ions to higher energies. The ions are first accelerated at the
front, then they propagat through the target and are accelerated further by
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the electrostatic field at the rear side. Therefore the intensity has to be high
enough to generate fast ions due to the shock. Additionally, the electrostatic
field at the rear side has to last long enough so that the ions can still see a
strong field when they exit the target rear side [74].

Both mechanisms, shock acceleration and acceleration due to an electro-
static field have been identified in one experiment [77]. The laser pulse was
focused on a metal wire at intensities of about > 5 · 1019 W/cm2. A directed
proton beam in laser forward direction was observed and attributed to shock-
acceleration. Additionally, a disc-like emission was observed and explained
by charge effects and thus by the cylindrical electrostatic field at the wire
surface. Even an other wire, placed 250 µm away from the illuminated one
was charged up and emitted protons isotropically. This experiment is very
interesting especially in the scope of the experiments described in Chapter
10 where spherical targets were illuminated showing a similar behavior. Im-
mediately the question arises if the directed proton emission is caused by
shock acceleration or due to the special geometry of the target allowing elec-
trons to propagate around the target enhancing the field at the rear side.
For the experiments presented in Chapter 10 the intensities were much lower
and therefore the shock acceleration can not account for an effective proton
acceleration. Hence not only different absorption mechanisms have to be
considered also geometrical attributes are relevant for the discussion of the
ion acceleration schemes.

Starting from a very simple description of the ion acceleration mechanism
(TNSA) in the section above a closer look at the processes shows the complex-
ity of the physics. It also distinguishes the great potential of learning from
new effects which appears by reaching new parameter regimes. Thus, the evo-
lution of the scientific knowledge is strongly connected with the development
of the laser systems and novel experimental setups (e.g. Plasma Mirrors,
manipulated target systems or mass-limited targets). The understanding of
the processes is rising rapidly, e.g. in the last 2 years new phenomena like
mono-energetic ion and proton bunches (see Chapter 5.2) or laser induced
micro-lenses [78] have been observed which have a high potential for fur-
ther applications. Novel temporal pulse cleaning methods (cf. Chapter 4.1)
allow to irradiate targets of only several tens of nanometer today which is
connected to new physical effects.

In the so-called transparent regime for example, a part of the laser pulse
can be transmitted through thin (< 1 µm) targets causing a superior electron
heating and proton acceleration at the target rear surface [74]. Effects like
relativistic transparency [74] or Coulomb explosion [79] become important.
Illuminating even thinner targets (tens of nanometers) with circularly po-
larized, intense laser pulses with a high contrast, reference [80] predicts the
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generation of highly energetic and mono-energetic ions. This mechanism is
connected to the radiation pressure of the laser light [81, 82].

In summary, the tendency of actual research is directed to this regime -
thinner targets or mass-limited targets irradiated by ultra-high intensity laser
pulses (≥ 1020 W/cm2) with a contrast of ≥ 1010. As shortly sketched above
this regime demands an advanced description of the acceleration processes
and further investigations.
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J at a repetition rate of 10 Hz. The CPA (cf. Chapter 1.1) system consists of a
commercial oscillator (femto source) and three multi-pass amplifiers pumped
by frequency-doubled Nd:YAG lasers [83]. A schematic picture of the system
is shown in Fig. 4.1.

For experiments using high power lasers systems the temporal contrast
of the laser pulse is highly important. Reaching intensities of about 1019

W/cm2 the contrast has to be better than 106 to avoid a remarkable influ-
ence of ionization by pre-pulses or Amplified Spontaneous Emission (ASE).
The main amplification is usually done by the first amplifier with an am-
plification factor of about 106. Hence this stage is crucial for the final pulse
contrast. In difference to multi-pass amplifiers, regenerative amplifiers imple-
ment pre-pulses by the out-coupling of the amplified pulse due to a Pockels
cell. Nevertheless the ASE pedestal creates a nanosecond pedestal in front of
the main peak. To reduce this pedestal a fast Pockels cell was installed after
the first amplifier. In Fig. 4.2 a THG-autocorrelator measurement is shown.
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Figure 4.2: Contrast measurement of the laser pulse done with a third-order autocorre-
lator.

The laser system delivers pulses with a contrast between 107−108 (depen-
dent on the pump conditions of the Ti:Sa crystals and the timing of the fast
Pockels cells) related to the main peak which are well suited for experiments
with high intensities e.g. the ion acceleration.

The high energy and the short duration of the pulses require a large
beam diameter to avoid damage of the optical components. Thus, the beam
diameter after the compression is about 60 mm. In the experiments the beam
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is focused by off-axis parabolic mirrors to a focal spot of a few micrometer
diameter. To reach such small foci and thus high intensities a flattening of
the beam wave front is required, which is distorted after propagating through
the amplifier [84]. Thus, a deformable mirror and a Shack-Hartmann wave
front sensor are installed after the compressor.
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Figure 4.3: Implementation of the adaptive mirror in the laser beam line. The pulse is
split to measure the wave front by the Shack-Hartmann wave sensor. The processing unit
calculates the necessary deformation of the mirror to flatten the wave front.

The Shack-Hartmann sensor consist of a micro-lens array. The resulting
foci are registered by a CCD camera. Small deviations of the focus positions
are used to reconstruct the wave front [84]. From the reconstructed wave
front a computer is calculating the best surface deformation of the mirror
for compensating the wave front distortion, which is then realized by piezo
elements behind the mirror surface.

Zernike polynomials (Zm
n ) are used to describe the wave front mathemat-

ically. They are products of angular functions and radial polynomials which
are developed from Jacobi polynomials [85]. The first orders of the polyno-
mials represent simple structures e.g. tilts, astigmatism, coma and defocus.
In Appendix A a table of polynomials and the mathematical description is
given. In Fig. 4.4 a reconstructed wave front with a RMS of 0.07 λ is shown.

To focus the beam an off-axis parabolic mirror (f/1.5) with a focal length
of 15 cm is used in the experiments. In Fig. 4.5 the focus distribution is shown.
The diffraction rings are a result of the focus imaging with an additional lens.
The gaussian distribution has a FWHM of 5 µm and about 28% of the energy
is inside the first order of diffraction.
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Figure 4.4: The reconstructed wave front, calculated with Zernike polynomials delivered
by a measurement with the Shack-Hartmann wave front sensor.
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Figure 4.5: Measured focus distribution with a 5µm FWHM.

4.2 Nd:glass Laser System

The active medium in the amplifiers of the glass laser are glass rods doped
with Neodymium. Thus, the laser wave length is about 1053 nm. The
spectral bandwidth (∼ 5 nm) of the amplified pulses allows temporal pulse
durations between 1-2 ps [86, 87]. The laser system uses the CPA-technique
[18] to amplify the laser pulses up to 10 J. The amplification takes place in a
chain of amplifiers with growing diameter, pumped by flash lamps. Between
the amplifiers spatial filters are installed to clean the beam profile and to
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The Second Harmonic (SH) signal is generated proportional to the prod-
uct of the intensities of the two beams and is recorded by a CCD camera.
From the width of the SH signal the pulse duration can be determined as-
suming the temporal shape of the pulse (e.g. gaussian). In Fig. 4.7 the
autocorrelation function is plotted with a gaussian fit. The pulse duration
was estimated to be about 2 ps.

A pulse contrast measurement was done by recording two photodiode
signals of one laser pulse with different neutral density filters (differ by a
factor of 10−3). Thus, the main peak and the pre-pulses could be measured
(Fig. 4.8).
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Figure 4.8: Contrast measurement of the laser pulse using two photodiodes. In front
of one of the diodes an additional neutral density filter with a transmission of 10−3 was
placed (A). The other diode is saturated but delivers a reasonable signal before the main
peak of the pulse arises. Thus, the contrast between the pre-pulses and the main peak can
be estimated about 8 · 106.

With this measurement the contrast (ratio of the main peak to the pre-
pulses) was estimated to be about 8 · 106.

4.3 Synchronization

The two laser systems, the Ti:Sa and the Nd:glass laser are synchronized
to each other. For this the oscillators are locked electronically to a quartz
clock defining the repetition rate and the phase. A frequency of 81.25 MHz
is achieved in both oscillators by varying the length of the resonators. The
synchronization scheme is shown in Fig. 4.9.

The electronic locking allows an overlap of the pulses with a precision
of a few picoseconds. The pulses arrive at target-chamber in a temporal
window of 3 ns. An optical delay stage was used to compensate the residual
delay. The temporal jitter of the two laser pulses was measured with a streak
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Figure 4.9: Synchronization scheme of the two laser systems.

camera (Hamamatsu C1587). Such a device transforms the light pulse into an
electron bunch which is deflected by an electric field varying in time. Hence
the temporal structure can be measured and also the time delay between two
laser pulses can be determined. The resolution of the used camera was about
2 ps.

In Fig. 4.10 two measurements with the streak camera are shown. Be-
tween the two shots (with maximum laser energy) the relative temporal dis-
tance between Nd:glass laser pulse and the Ti:Sa laser pulse changes by about
6 ps. This represents the averaged jitter, fluctuating from shot to shot. The
measured jitter using the frontend of both lasers was about 3 ps. The dif-
ference can be explained by the influence of the amplifiers on the electronic
equipment. Nevertheless, it was more than sufficient for the applied experi-
ments.

To align the optical delay stage in the 10 Hz operation mode, the plasma
shadowgraphy can be used as a simple method. The Ti:Sa laser is focused
inside the experimental chamber. The intense laser radiation creates a plasma
in air which acts like a concave lens due to the locally increase of the electron
density (see Chapter 2). The Nd:glass laser beam is influenced by this plasma
lens and a shadow of the plasma spot can be observed (Fig. 4.11 A). By
varying the temporal delay the position can be found where the laser beam is
barely distorted. At this position both laser pulses are temporally overlapping
in the plasma (cf. Fig. 4.11 B-D). The precision of this method is in the range
of the Nd:glass laser pulse duration.
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Figure 4.10: Two different measurements with the streak camera represent the estimated
jitter between the Ti:Sa and the Nd:Glass laser pulse of about 6 ps.
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Figure 4.11: A - Setup of the synchronization using the shadowgraphy method. Both
beams are focused in air. B - The measured Nd:glass laser signal shows a very sensitive
behavior either if the glass laser pulse is temporally before the Ti:Sa pulse or contrari-
wise. If the Ti:Sa creates the plasma before the Nd:glass laser arrives the beam is partly
influenced by the plasma.

The foci of the two laser beams have not to be overlapping necessarily.
Even in the unfocused or divergent beam the influence of the plasma and thus
the influence of the other laser is visible. If the Ti:Sa laser is used to probe
the created plasma no CCD camera is needed. The influence can be directly
observed on a IR sensor card. This method can be used to temporally overlap
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laser pulses even of different wavelengths and in a broad temporal window.
Since the plasma lifetime is relatively long (nanoseconds), the position where
the plasma is created can be found easily. This is an advantage compared to
other correlation devices like streak camera or cross-correlators which have
usually a small temporal observation window of a few picoseconds only.
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Part II

Proton Beam Characterization
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Chapter 5

Proton and Ion Spectra

Proton and ion beams accelerated indirectly by laser pulses exhibit very
special attributes, determined by the acceleration mechanism and the target
geometry. In the following chapter the characteristics of the proton and ion
spectra will be discussed for different target types and laser parameters. A
short overview of usual characteristics, but also of observed irregularities in
the spectra will be given. This is followed by Chapter 6 and 7 where the
beam emittance and the proton source dynamics will be discussed.

5.1 Thomson Spectrometer

The proton and ion spectra can be measured with a Thomson spectrometer.
The setup is shown in Fig. 5.1. It consists of a pinhole and a magnet combined
with electric field plates. The small ion beamlet propagating in z-direction
through the pinhole is deflected due to the magnetic field By:

x =
Q By l L

mi v
(5.1)

and the different ion species are separated by the additional deflection by the
electric field:

y =
Q Ey l L

mi v2
. (5.2)

Substituting v2 by Eq. 5.1 the deflection curve at the detector can be de-
scribed by a parabolic function:

y =
mi Ey

Q B2
y l L

· x2, (5.3)

where Ey and By are the electric and magnetic field, Q the charge of the ion
and mi its mass. l is the effective extension of the electric and magnetic field
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protons. The contamination layer consists of hydrocarbon and water mainly
[76, 88]. The shown spectra were generated by irradiating a 5µm thick
Titanium foil with the Ti:Sa laser at an intensity of about 1019 W/cm2. In
Fig. 5.3 the traces have been integrated and the counts were calibrated with
the detection sensitivity of the MCP [89]. The proton cut-off energy in this
measurement is about 2 MeV whereas energies up to 4-5 MeV were observed
under similar conditions.

C D

Figure 5.3: A - Proton spectra extracted from Fig. 5.2. B - Spectra of the carbon ions.

The energy resolution of the Thomson spectrometer is defined by the
width of the parabolic trace δ [90] (cf. Fig. 5.2). In the presented setup the
energy resolution ∆E can be estimated as follows:

∆E

E
≈ δ

x
, (5.4)

where x is the deflection caused by the magnetic field (Eq. 5.1) and δ is
defined by the spectrometer setup:

∆E ≈ δ

a
E3/2 , a =

Q B l L√
2 m

. (5.5)

The energy resolution for the spectrum in Fig. 5.3 is plotted in Fig. 5.4 with
a δ of about 0.42 mm estimated from the MCP image (Fig. 5.2). The proton
spectra are usually continuous up to a sharp cut-off representing the high-
est proton energies. However, for specific target types ion spectra with dips
[91, 92] or quasi-monoenergetic [13–16] features have been observed. Since
the generation of monoenergetic ion beams is of high interest for many ap-
plications, it will be discussed shortly in the next section.
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Figure 5.4: Energy resolution calculated for the spectra measurement of Fig. 5.2 depen-
dent on the proton energy.

5.2 Quasi-Monoenergetic Deuteron Bursts

Irradiating water or heavy water droplets with about 20 µm diameter non-
continuous deuteron or proton spectra are observed. Spectral dips [91, 92] or
even quasi-monoenergetic features [15, 16] were seen in the measurements.
This behavior is fluctuating from shot to shot since it highly depends on laser
parameters [16].

Due to the generation process of the droplets (Chapter 10.2) no contami-
nation layer is covering the surface. The detected Oxygen ions (Fig. 5.5) are
accelerated from the first ionized atom layers of the droplet surface. The ana-

Q-3 Q-4 Q-5

Q-6

Q-7

F-

C D

Figure 5.5: A - Image of the Deuteron an Oxygen spectra emitted from an illuminated
heavy water droplet. B - The ion Thomson parabolas are drawn to guide the eyes and to
visualize the ion traces.

lyzed spectra are plotted in Fig. 5.6 showing a monoenergetic deuteron beam
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around 2 MeV with a bandwidth of 300 keV. To explain the formation of

C D

Figure 5.6: A - The Deuteron spectrum of Fig. 5.5 shows a narrow energy bandwidth of
about 300 keV. B - The Oxygen spectra from the same measurement.

such a monoenergetic feature, a model related to a spatial separation of two
ion species can be used. More details about the experiment and the inter-
pretation can be found in reference [15, 16]. The monoenergetic feature was
only observed in laser forward direction. This can be an indication for hot
electron currents propagating around the droplet leading to an enhancement
of the electrostatic field at the rear side. Further investigations of this issue
were done by proton imaging experiments and PIC-simulation in Chapter 10
delivering a strong evidence for this these.

5.3 Irregularities of the Thomson Parabolas

Looking closer to the measured spectra deviations from the parabolic shape
can be observed. For a detailed investigation a magnifying Thomson spec-
trometer (12-fold) was used similar to reference [93, 94]. In Fig. 5.7 such
magnified spectra are shown.

At lower proton energies fluctuations (”wiggly”structures) in the parabola
appear. They are caused by fluctuation of the proton beam pointing [93] (see
also Chapter 7 and 11.2). In some records the proton spectrum split into two
parallel traces. This can be explained by two spatially separated proton
sources [94, 95]. They result from two different absorption mechanisms. The
laser pulse drives the electrons ponderomotively or by resonance absorption.
Both mechanisms couple energy into electrons which transfer the energy to
the ions. Which one of these two absorption mechanisms dominates, de-
pends on the plasma scale length created by the ASE level. Therefore, the
dominating mechanism can be chosen by manipulating the contrast of the
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electron currents have been identified, generated either by ponderomotive
acceleration or by resonance absorption. The laser pulse parameters define
the dominant process although both mechanisms can occur simultaneously.
Both electron currents lead to an ion acceleration and can be connected
with spatially separated ion sources (cf. Fig. 5.7 B). In reference [94] a more
detailed discussion of this experiment can be found.
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Chapter 6

Beam Emittance

One important attribute of laser accelerated proton beams is the beam emit-
tance which is a measure of the laminarity of the beam. A low emittance is
essential for all kinds of proton imaging experiments. A distinction is drawn
between transverse and longitudinal emittance. The transversal emittance
delivers a value for the spread in angle, relative to the axes of propagation,
caused by random components of transverse velocities [97]. On the other
hand the longitudinal emittance considers the ”velocity chirp” [3] of the pro-
ton beam and is defined by the energy-time product of the beam envelope.
Although the energy spread of laser accelerated proton beams is large (e.g.
0-10 MeV), the short acceleration time (at least < 10 ps) leads to a longi-
tudinal emittance of less than 10−4 eV s. In [3] the longitudinal emittance
was estimated by PIC-simulations being < 10−7 eV s. This is several orders
of magnitudes smaller compared to typical values of 0.5 eVs (CERN SPS)
[98] for conventional accelerators. Thus, laser accelerated proton beams can
be used for time resolved measurements. The longitudinal emittance delivers
the upper limit for the time resolution (cf. Chapter 8.3).

As the longitudinal emittance represents the limit of the temporal resolu-
tion, the transversal emittance delivers the limit of the spatial resolution in
the proton imaging experiments. Compared to conventional proton accelera-
tors, laser accelerated protons have a much smaller (1-2 orders of magnitude)
transversal emittance. For a proton beam propagating in z-direction, the
transverse emittance εx is determined by [97]:

εx =
1

π

∫ ∫

dx dx′ , x′ =
dx

dz
=

vx

vz

. (6.1)

The space defined by the coordinates (x, x′, y, y′) is called trace space as
it describes the trace of the particles. The emittance is the volume or area
occupied by a distribution in the trace space [97]. Often this volume is
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divided by π - whereas the symbol π is appended to the units [π mm mrad].

For conventional accelerators it is useful to define an emittance which
is independent on further acceleration (in z-direction), to get an indication
of degeneration of the beam quality. Thus, the normalized emittance was
introduced [97]. The normalized emittance is invariant when the beam is
accelerated. The volume in x− px space is integrated and divided by π m0 c:

px = x′ (β γ) (m0 c), (6.2)

εnx,r = (β γ) εx. (6.3)

For non-relativistic beams the volume in x−vx space is integrated and divided
by π c :

εnx = β εx ≈ vz

c
εx. (6.4)

In the following, experiments similar to reference [99] have been applied to
estimate the emittance for proton beams generated with the TW Ti:Sa laser
at the Max-Born-Institute.

6.1 Virtual Source

The model of the virtual proton source [99] describes the propagation of the
proton beam after the acceleration process, when the beam is not interacting
with itself anymore (e.g. space charge effects in non-neutral and dense ion
beams are negligible). Thus, the proton trajectories are straight lines and
can be traced back to a virtual source in front of the target.

In Fig. 6.1 the model is visualized. Protons are accelerated from the rear
side of a laser irradiated target from an area with the lateral extension ρ and
with the emission angle Θ. The proton beam is detected with a MCP (see
Chapter 8.2) at the distance L from the target. In front of the target, at
the distance xv the virtual source is located with the source size av. The
fluctuation of the emission angles ∆Θ can be estimated by geometrical con-
siderations (cf. Eq. 6.7). Thus, the size of the virtual source and its distance
determine the degree of laminarity.

For a perfectly laminar beam the virtual source size would be almost zero.
The distance xv between the virtual source and the real source size defines
the emission angle and has to be taken into account for the determination of
the magnification (M) in imaging experiments (Chapter 8). For lower mag-
nifications (<10) M can be estimated by M = L/d, for higher magnifications
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Figure 6.1: Protons are emitted from an area with the diameter ρ. The elongated proton
trajectories cross in front of the target in the virtual source. The virtual source size av

and the distance of the virtual source xv define the angular spread ∆Θ.

the distance of the virtual source cannot be neglected anymore:

M =
L + xv

d + xv

. (6.5)

6.2 Measurement of the Beam Emittance

The normalized transverse emittance can be determined by Eq. 6.4 and using
εx ≈ x0 x′

0 = ρ ∆Θ [3, 97–99]:

εnx ≈ vz

c
· ρ · ∆Θ. (6.6)

In Fig. 6.1 the setup is shown which was used to estimate the beam emittance.
A mesh was inserted into the proton beam - intersecting the beam in small
beamlets. From the detected mesh image the angular spread (∆Θ = x′

0) can
be determined [99] by:

∆Θ ≈ av

2xv

. (6.7)

The distance of the virtual source xv is defined by the magnification M of the
mesh structure and Eq. 6.5. The virtual source size av was estimated by a fit-
calculation simulating the particle traces with an inserted mesh (scattering
was neglected). A larger virtual source size leads to a more blurred mesh
structure in the image since the angular spread increases. Varying the virtual
source size in the simulation, the shape of the imaged mesh can be fitted to
the experimental results.
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C D

Figure 6.2: A - Profile of the proton image of a mesh (B) including a simulation where
a virtual source size of av = 8 µm was assumed. B - Magnified mesh image (M≈ 34-fold).
The black line indicates the readout of the profile shown in (A)

A scan through the imaged picture was made by integrating the measured
proton numbers within a narrow stripe (indicated in Fig. 6.2 B). This profile
is plotted in Fig. 6.2 A together with the result of a simulation with a virtual
source size of 8 µm which delivers the best fit.

Now the the angular spread ∆Θ can be estimated using Eq. 6.7. To get
the normalized transverse emittance finally, the real source size ρ is needed.
It was estimated by measuring the whole proton beam. Therefore a CR39
plate [75] was placed in a short distance after the mesh. In Fig. 6.3 B an
image of the etched plate is shown. The source size ρ was estimated roughly
to be about 80 µm for protons between 0.8-1.2 MeV. One has to note that
the accuracy of this estimation is limited by the precision of the measured
distances, especially as the magnification in this experiment was about 34-
fold.

With the measured values the normalized transverse emittance was cal-
culated using Eq. 6.8:

εnx ≈ 5 · 10−3 π mm mrad. (6.8)

The result is similar to estimations applied in reference [3, 99]. In comparison
to conventional proton accelerators with an usual emittance in the order of
1 π mm mrad [100] laser generated proton beams have tenfold up to hun-
dredfold lower emittance. Therefore the proton beams are well suited for
imaging experiments as presented in Part III.
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Figure 6.3: A - Setup with a CR39 plate for proton detection. The detector is placed
close to the proton source to measure the whole beam. Two aluminium foils are attached
in front of the CR39 plate to estimate the proton energy interval. B - Picture of the etched
CR39 plate. Protons with an energy between 0.8 MeV and 1.2 MeV were detected. The
lower edge results from the lower aluminium foil blocking the proton beam.
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Chapter 7

Virtual Source Dynamics

As discussed in Chapter 6.1 the model of the virtual source describes the spa-
tial emission of the proton beam starting from a point source in front of the
irradiated target. The temporal characteristics of the proton emission have
been discussed theoretically and are supported by experimentally gained ar-
guments in several publications [1, 3, 93, 101, 102]. The acceleration of the
protons takes place on a picosecond timescale. Additionally, it was shown
that the proton beam has an intrinsic velocity chirp [3, 93]. This means
that energetic protons are accelerated first followed by the slower ones. For
pump-probe experiments (e.g. proton imaging) the short acceleration time
is more relevant since after a few millimeter the proton bunch is temporally
stretched due to the broad energy distribution (cf. Chapter 8.3). Never-
theless, from the change of the emission characteristics for different proton
energies, the temporal evolution of the acceleration field can be estimated
even if no quantitative time scale can be given. In a previous experiment at
the Max-Born-Institute [93] a fluctuation of the proton beam pointing was
observed with a magnifying Thomson spectrometer. This phenomenon was
also observed in the proton ”streak deflectometry” experiments described in
Chapter 11. Thus, a further experiment was applied, combining the advan-
tages of both experiments - a continues energy dependent detection of several
well separated parts of the proton beam.

To describe the experimental results the model of the virtual source
(Chapter 6.1) is used and even further developed. Thus, information about
the virtual source dynamics are obtained from these experiments. Based
on this information the evolution of the acceleration field (sheath) can be
estimated qualitatively in space and time.
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7.1 Energy Dependent Measurement of Pin-

hole Projections

The purpose of the experiment was the measurement of the energy dependent
evolution of the beam characteristics. Therefore the projection of a multi-
pinhole (30 µm diameter, 500 µm spacing) was detected after the dispersive
deflection by a magnet. The setup is shown in Fig. 7.1.
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Figure 7.1: Experimental setup. A multi-pinhole is inserted into the beam consisting of
25 pinholes in one row. The pinhole projection is detected energy sensitive due to the use
of a magnet.

The resulting proton beam traces (Fig. 7.2 A and Fig. 7.3 A) were recorded
with a MCP detection system (Chapter 8.2). Both pictures are single shot
measurements with only slightly changes in the geometrical setup. The
traces are elongated perpendicular to the direction of the pinhole separa-
tion due to the magnetic deflection which dependents on the proton velocity.
The recorded traces fluctuate from shot to shot but the main characteristic,
namely the shortening of the distance of the traces at lower proton energies,
is observed in all measurements. Additionally a broadening of the distances
or small scale fluctuations (both seen in Fig. 7.3 A) appear in some shots. In
consistence with the observations in Chapter 11 the proton beam is nearly
constant at higher energies, only below ∼ 0.8 MeV fluctuations appear.

The zero points represent the projection of the pinholes without deflec-
tion. They are caused by x-rays and neutral particles. Since also these signals
are emitted from a extended source they can be described by a virtual point
source in front of the target. This fact is neglected in the following discus-
sion since the real source has only a small extension compared to the proton



7.1 Energy Dependent Measurement of Pinhole Projections 63

source.
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Figure 7.2: A - Recorded pinhole projections deflected by the magnetic field. The dis-
tance between the zero points and the proton traces define the proton energy. B - From a
readout of the traces in (A) the proton trajectories were calculated up to the target plane.
The starting position ∆x is plotted for different proton energies.
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Figure 7.3: A - Recorded pinhole projections deflected due to the magnetic field. The
zero points are at the edge of the MCP. Thus, the proton energies could still be determined.
B - The starting positions show fluctuations about 0.5 MeV, with a fast increase of the
spacings at lower energies.

From the distance source to mesh (d), the distance mesh to detector (l)
and the difference of the lateral position relative to the zero points (∆X) the
starting position (∆x) at the target plane can be calculated (cf. Fig. 7.4):





7.2 Shape of the Proton Beam 65

former discussions - quite recently an experiment [95] indicated such large
source sizes. This confirms the observation in the imaging experiments of an
electric field with an extension of several millimeters (cf. Chapter 9).

7.2 Shape of the Proton Beam

Assuming that protons with the same energy are spread continuously over
a shell, the shape of this shell is defined by the proton trajectories. The
trajectories are normal to the shell surface as indicated in Fig. 7.5. Up to
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Figure 7.5: The shape of the proton layer of each energy can be reconstructed from the
starting positions and the angle (α) of the proton trajectories. The proton trajectories are
perpendicular to the layer surface. The shape of the layer can be described by an inverse
parabola or a gaussian function (dotted line).

now there is no real experimental evidence of the shape of these proton
layers. In reference [103] an inverse parabolic shape is assumed in difference
to other publications [98, 104, 105] which suppose a gaussian shape. In the
central part of the beam both functions are nearly similar. At larger distance
from the center the trajectories would cross each other in case of a gaussian
shape. This would result in a ring like structure of the proton signal on
the detector. Ring structures were observed in different experiments (e.g.
[106]) but without the possibility to reconstruct the proton shape. Thus, it
is unclear if the ring structure is caused by the gaussian shape or e.g. the
saturation of the detector [75] or by magnetic fields (see Chapter 3.3).
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The measurements of the previous section deliver the proton trajectories
(defined by ∆x and α) for the free expanding proton beam. Thus, the shape
of the proton shell can be reconstructed for different proton energies. In the
experiments the central part of the beam (± 3◦) was investigated. Thus, only
the shape of proton layers in this area can be estimated. In one series, where
the wings of the beam were recorded, a crossing of the pinhole projections
at low energies has been observed. This is an indication of a gaussian shape.
Therefore a more detailed investigation of the outer parts of the proton source
is necessary. In all other measurements the central part of the beam was
analyzed. In Fig. 7.6 the beam shape reconstructed from the measurement
of Fig. 7.2 is shown for two different proton energies.
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Figure 7.6: Reconstructed shape of the proton layer for: A - 1.5 MeV proton energy and
B - for 2.5 MeV. The red dots indicate the starting position at the target surface. The
black line is an inverse parabola calculated from a linear fit of the measured angels of the
trajectories. The green line is the integration of the angles dependent on the x-coordinate.

Therefore the angle tan α(x), representing the first derivation of the ”shape
function”, was integrated (green line Fig. 7.6). In a second approach a parabolic
function (f(x, Ep) = 1/2mx2) was assumed, with the first derivation:

d

dx
f(x, Ep) = tan α(x, Ep) = m(Ep) · x. (7.5)

m(Ep) was determined by a linear fit of tanα(x) where Ep is the proton en-
ergy. Thus, the parabolic shape of the proton layer could be reconstructed -
represented in Fig. 7.2 by a black line. The red dots are the calculated posi-
tions at the target of each recorded trajectory. Thus, only their position at
the abscissa (x) carries information. The value of f(x) is the relative position
perpendicular to the target surface. The whole beam has to be recorded to
determine the absolute value. Since there are only small variations between
both curves (black and green) the shape of the recorded central part of the
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beam can be estimated as an inverse parabola. The information which can
be gained from the measurement is the continuous evolution of the proton
layer curvature for different proton energies.
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Figure 7.7: The curvature m of the parabola calculated from the measurements A -
Fig. 7.2 and B - Fig. 7.3.

In Fig. 7.7 A and B the curvature m of the parabolic function f(x, Ep) is
plotted for the recorded traces from Fig. 7.2 and Fig. 7.3, respectively. Both
figures show a decreasing of the curvature at lower energies. This is aston-
ishing since several publications report a increase of the divergence at lower
proton energies [57, 107, 108]. Taking a closer look, the decreasing curvature
is not in contradiction with an increasing divergence. The divergence div(Ep)
is defined by the emission angle of the whole proton beam [107]:

div(Ep) = α(x0) = arctan (m(Ep) · x0), (7.6)

where x0 is the radius of the proton source and α(x0) the half angle of emis-
sion. From that one can assume that the source size must grow faster than
the decrease of the curvature to get an increase of the divergence at lower
proton energies.

The shape of the proton layer is strongly correlated to the shape of the
electron sheath (cf. Chapter 3.2). Assuming an electrostatic acceleration a
prediction of the electron sheath can be made [104, 107]. Since the electric
field which is responsible for the shape of the proton layer is proportional to
the gradient of the electron density, the shape of the electron sheath can be
described by an inverse parabolic function. These results are consistent with
the findings in reference [107].
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7.3 Energy Dependence of the Virtual Source

The energy dependence of the proton layer curvature can be expressed by
the dependence of the distance of the virtual source. The crossing of the
trajectories in front of the target defines its position xv (cf. Eq. 7.5). The
distance of the virtual source, determined by xv = 1/m(Ep), grows for lower
proton energies (see Fig. 7.8).

DC

Figure 7.8: Energy dependence of the virtual source distance xv calculated from the
measurements: A - Fig. 7.2 and B - Fig. 7.3.

The fluctuations of both measurements in Fig. 7.8 represent the behavior
of all done experiments. The reasons for that are highly speculative. But
with a high probability they are an imprint of the laser pulse fluctuations,
for example the variation of pulse contrast and pulse energy. Thus, different
absorption mechanisms can take place which influence the electron popula-
tion and, hence, the proton shape. Also the curvature of the mounted target
foil delivers an intrinsic curvature of the proton layers [103].



Part III

Proton Imaging
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Chapter 8

Principle of Proton Imaging

As shown in Chapter 3 laser induced proton beams exhibit attributes which
are well suitable for imaging purposes. The proton beams have a low longi-
tudinal and transverse emittance. Due to the charge of the protons they are
sensitive to electric and magnetic fields. Additionally, protons are scattered
and stopped by interaction with matter (cf. Fig. 8.1).
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Figure 8.1: A - Trajectories and number of stopped Hydrogen atoms (1 MeV) in a 20 µm
aluminum layer calculated with SRIM [109]. B - Stopping depth in aluminum dependent
on the Hydrogen energy.

Therefore proton imaging can be applied for different objectives. It can be
used to visualize density gradients, for example in shocked material [110, 111]
or to detect electric and magnetic fields generated by laser matter interaction
(proton deflectometry) [102, 112]. With proton imaging the ion acceleration
process itself [105, 113] was investigated recently. The electrostatic accelera-
tion field and the field of the expanding ion front as well as toroidal magnetic
fields [114–116] were imaged. In the following experiments done with the
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a chain of motorized stacks allows only a few shots before it is necessary to
open the chamber. Another circumstance hinders the use of film stacks as
they consist of several layers of radiochromic films. Protons mainly deposit
energy in the Bragg-peak (see Fig. 8.1) where its position depends on the
energy. According to reference [113] 50 % of the signal in one layer is within
an energy range of 0.5 MeV. Additionally the stacks have to be covered by
an aluminum filter to prevent signals from photons.

The energy sensitive detection of the signal is highly important for tempo-
rally resolved images. The proton beam usually has a broad and continuous
energy distribution - but the energetic protons are all accelerated within 1-2
ps [1, 3, 93, 101, 102]. Starting at nearly the same time from the target,
they reach the interaction target at different times. Fast (higher energetic)
protons reach the object to probe earlier than slower (less energetic) protons.
Hence, every exposed layer contains information of different times. The film
stacks allow series of temporal snapshots, whereas the number of the exposed
layers depends on the maximum energy of the proton beam. With proton
energies up to 2-4 MeV, as in the present experiments at the MBI, only one
or two snapshots can be recorded. For these reasons a new detecting method
was applied. For the first time multi-channel plate technology was used for
the specific purpose of proton imaging.

8.2 Gated Multi-Channel Plates

Multi-channel plates (MCP) (cf. Fig. 8.3) coupled to a phosphor screen and
a CCD camera deliver two dimensional images with a spatial resolution of
several µm. The detector is sensitive to energetic particles as well as to
photons.

If the laser light interacts with the target electrons and x-rays are pro-
duced apart from energetic ions [58]. Since the MCP is also sensitive to these
signals, the recorded images would be strongly influenced by them and not
analyzable. In order to avoid this issue the MCP has to be switched on af-
ter photons and energetic electrons have reached the detector which is much
earlier than the arrival of the ions.

In Fig. 8.4 the different times of flight to the detector are shown. The
voltage of the MCP and the phosphor screen can be switched on and off on
a time scale of several nanoseconds down to several hundreds of picoseconds
with special fast high-voltage switchers. In this case the detector is only
sensitive for a short time ∆TGate (gating time). This allows the measurement
of a pure proton signal and additionally a selection of the energy interval of
the proton beam. By choosing a specific time for the MCP gating one defines



74 Principle of Proton Imaging

W"Rjqurjqt"
-"7"mX

/3"mX
W"OER "

rctvkengu

tcfkcvkqp

g/

rj
qu
rj
qt
"u
et
gg
p

Figure 8.3: Scheme of a MCP coupled to a phosphor screen. Multi-channel plates consist
of micro-channels of several micrometer diameter. Electrons are generated when energetic
particles hit the wall of the channels. Due to the voltage UMCP the electrons are accel-
erated and generate new electrons when they hit the wall. Thus, a cascade of electrons
propagates through the channel and the signal is magnified by several orders of magnitude.
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Figure 8.4: Red curve - Time of flight of protons from the source to the detector (L=0.69
m). By switching the MCP voltage on (black) the high energy cut off of the detected
proton bunch can be chosen. The low energetic part of the detected bunch is defined by
the switching of the Phosphor screen voltage (green).

the observed time window of the interaction with the probed object. In
Appendix B a detailed description of the achieved gating times and exposure
times of the used gated MCP can be found.

With this technique only one snapshot per shot can be taken - but the
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high repetition rate allows several shots varying the time window in a few
minutes. This is essentially for experiments which require a high number of
measurements. Thus, the experiments in Chapter 10 were only practicable
by using this method.

8.3 Time Resolution

A proton image contains of protons within an energy interval of ∆E. Due to
the different energies, the proton bunch is temporally stretched (see Chapter
8.1) while propagating from the source (area of acceleration) to the object
to probe. Hence the time resolution is given by the different arrival times
at the object. Until reaching the detector the proton bunch is stretched
further. Thus, the time resolution ∆tGate depends in first approximation on
the distance d to the object and the distance L to the detector (see. Fig. 8.2):

∆tGate =
∆TGate

M
. (8.1)

M is the magnification (M = L/d). Formula 8.1 represents the dominating
part of the time resolution in the experiments with gated MCPs. In addition
to the stretching of the proton bunch the time of flight through the object to
be probed has to be taken into account. The convolution of both terms de-
livers the time resolution. The upper boundary (the maximum time window)
is given by:

∆t ≤ ∆tGate + l

√

mp

2Emin

, (8.2)

where l is the extension of the probed field, Emin the lowest energy of the
detected proton bunch and mp the proton mass. In Fig. 8.5 ∆tGate and the
correction term (l

√

mp/2Emin) is plotted.
In the experiments a time resolution between 400 ps and 23 ps was

achieved. The energy calibrations of the gated MCPs are discussed in Ap-
pendix B.

With this gating technique two different scenarios were investigated - the
rear side plasma of thin foils (Chapter 9) and irradiated micro water-droplets
(Chapter 10). In Chapter 11 an advanced method (”streak deflectometry”)
will be discussed which allows a continuous temporal record of the probed
field with a high temporal resolution for the first time.
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Figure 8.5: A - Time resolution (∆tGate) dependent on the gating time (Eq. 8.3) B -

Correction term (l
√

mp/2Emin)- corresponds to the propagation of the protons through
the object with the extension l.



Chapter 9

Imaging Plasmas of Irradiated
Foils

To accelerate protons up to energies of several MeV, mostly thin foils are
used. They deliver a homogeneous beam with an emission angle of about
20◦ (half angle). The study of the acceleration process plays the key role in
understanding fundamental physics and delivers possibilities to manipulate
the beam characteristics for future applications. Also the expansion of the
plasma is an important issue being in the focus of recent investigations [46,
47]. By probing the rear side of an irradiated foil one can gain information
about the expanding plasma and the acceleration fields.

9.1 Experimental Setup

The experimental setup is shown in Fig. 9.1. To generate the proton probe
beam the Ti:Sa laser was focused at a 12 µm aluminum foil reaching inten-
sities of about 1019 W/cm2. The plasma which is to be probed is created
at a curved aluminum foil of 12 µm thickness and 5 mm curvature radius.
Therefore the interaction target was irradiated by the Nd:glass laser with
an intensity between 1017 and 1018 W/cm2. Both lasers were synchronized
electronically with a precision of several picoseconds (see Chapter 4.9). The
time delay between the laser pulses was adjusted using an optical delay stage.
The time of flight of the protons from the source to the interaction target
was taken into account for the correct timing. A magnification of 16-fold was
achieved in the proton images related to the the plane of the interaction tar-
get (L=0.604 m, d=0.04 m, cf. Fig. 9.1). A mesh with 500 lpi (lines per inch)
placed 30 mm away from the target intersects the proton beam into small
beamlets. This allows a better reconstruction of the deflecting fields. The
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Figure 9.2: Temporal snapshots of the target edge (upper boundary of picture) with a
proton beam intersected by a mesh: A - interaction target not exposed, B - interaction
target irradiated at 1018 W/cm2, proton image produced with (1.4 - 2) MeV protons due
to MCP gating. The arrow indicates CPA2 laser irradiation on the interaction target.

10◦ − 30◦ [59, 69] and leave the target at the rear side. Some of these hot
electrons, named precursor electrons, escape leaving a positive charged target
behind. Electrons which can not escape are trapped by the rising electric
potential and create the electron sheath. This electron cloud spreads over
the target surface while cold electrons of the target foil built up a return
current [95, 117]. The resulting electric field ionizes the contamination layer
at the target surface and accelerates the ions.

The initial acceleration field, with the smallest extension of the electron
sheath, accelerates ions to the highest energies. When the sheath expands
laterally (radially) the field strength decreases rapidity. In several proton
images this initial field can be observed (e.g. Fig. 9.2 B and 9.3 b). A bell
like structure is visible and the maximum deflection from the target surface
is defined by the strength and the extension of the field. While expanding
the field strength decreases. Thus, the deflection of the probe beam has a
similar value as in the initial case. Hence the maximal deflection by this
field is visible in the proton images in form of a line structure with the same
distance to the target surface as the bell like structure. The sheath field
acts only on protons of the probe beam in a short energy interval. Hence a
distinct line structure is visible. This line of enhanced proton numbers is a
time integrated result of the acceleration field which expands radially.

In other words - energetic ions are accelerated from the rear side with
a source size much larger than the focal spot of the laser because of the
spreading of the electrons. Due to the spreading of the electrons over the
rear surface lower energetic ions are accelerated from an area up to a few
millimeter. This observation was recently confirmed by reference [95] and by
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the experiments in Chapter 7.

The expanding ion front itself propagates over the observed area and blurs
the mesh structure in y-direction (cf. Fig. 9.2). Between target surface and
front the field of the positively charged target becomes visible in the pictures.
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Figure 9.3: 2D-snapshots of proton beam deflection at different observation times in
respect to the irradiation of the CPA2-pulse which creates the deflection field: a- cold
target, b- (0 ± 200) ps, c- (200 ± 200) ps, d- (400 ± 200) ps, e - (600 ± 200) ps, f - (700
± 200) ps, g - (800 ± 200) ps, h - (900 ± 200) ps. The integration time interval is defined
by the MCP gating (cf. text), the color codes the proton number as given in the legend.

In Fig. 9.3 a series of snapshots is shown. The delay between the Nd:glass
laser and the Ti:Sa laser was changed with an optical delay stage in the
beamline of the Nd:glass laser. The gating time for the proton detection was
held constant. The fields at the interaction target interact at different times
with the proton bunch - hence with protons of different energies. Also the
Nd:glass laser energy was varying from shot to shot. The line of enhanced
proton numbers shows sometimes a folded structure. A possible explanation
therefore is given in reference [95]. While the electron cloud expands the field
strength is locally enhanced dependent on the time of the expansion.

For a quantitative analysis of the field strength the deflection by the
sheath field was measured (distance of the line to the target surface). As-
suming a effective electric field which is homogenously and temporally con-
stant perpendicular to the target surface (in y-direction) the deflection (Y )
depends on the energy of the protons Ep, the field strength Eel and the ex-
tension of the field l. The proton energy was determined roughly by the time
when the proton image gets disturbed (changing the delay of the Nd:glass
laser).
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The acting force in y-direction is defined by:

Eel · e = mp ·
d2y

dt2
. (9.1)

Using dt = 1/vz dz leads to:

vy =
dy

dt
=

e

mp · vz

∫

Eel dz. (9.2)

With the effective field extension l the velocity is given by:

vy =
e · Eel · l
mp · vz

. (9.3)

The deflection at the detector can be estimated by:

Y =
vy

vz

L, (9.4)

where L is the distance between interaction target and detector and vz the
velocity of the proton in propagation direction z. Measuring the deflection
at the detector for known proton energies delivers the field strength for an
assumed extension l:

Eel =
2 Y Ep

e l L
. (9.5)

In Fig. 9.4 the estimated electric field which is responsible for the creation
of the line structure is plotted for different pump energies. The effective
extension of the field was assumed to be l = 1 mm.

The estimated field strength represents an average over time and space.
The dependence on the square root of the pulse energy is indicated in Fig. 9.4
and fits with theoretical scaling laws [58]. The low time resolution in the
experiments prevent further statements about the temporal evolution of the
fields. In Chapter 11 the dynamical processes are investigated in more detail
by using an novel imaging technique.
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Figure 9.4: Estimated field strength over pulse energy of CPA2 (rectangles). The red

line indicates the dependence of Eel ∝
√

Elaser



Chapter 10

Mass-Limited Targets

In the last decade laser induced ion acceleration became an attractive source
for energetic ion beams up to several MeV (max. 58 MeV [57]). For further
applications besides the proton imaging, new parameter ranges have to be
occupied. The proton energies have to be increased about one order of mag-
nitude. Many applications would benefit from a narrow energy spread of the
protons - so called ”monoenergetic” protons beams. But also the number of
protons has to be increased reproducibly.

Aside from increasing the laser intensity and contrast, which is a chal-
lenging and cost-intensive task, the choice of the target system has the most
promising potential. Recent investigations show that the ion beam can be
manipulated by the use of special targets. Concave targets focus or colli-
mate the whole ion beam [1, 10–12]. Manipulated target surfaces or micro-
structured targets can deliver quasi-monoenergetic ion and proton beams
[13, 14]. At the Max-Born-Institute it was shown for the first time that also
water-droplet targets can deliver quasi-monoenergetic deuteron and proton
beams [15, 16] (see Chapter 5.2).

Water droplets are a very promising target system. They can deliver
monoenergetic protons without the necessity of further manipulation of the
target. They can be used with a high repetition rate - only limited by the
repetition rate of current laser system. And it has been shown that the
laser energy conversion is more efficient than at other target systems [119].
Theoretical investigations also predict higher proton energies [120] - but this
has not been observed until now. Unlike all other common targets, water-
droplets are spherical, mass limited and not grounded.

One disadvantage seems to be the emission direction. Due to the spherical
geometry the protons are usually emitted over the full solid angle. Dependent
on the laser parameters (e.g. contrast) and the interaction point (central or
non-central hit of the droplet) the emission can be slightly enhanced in dif-
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up into irregularly sized and irregularly spaced droplets (Fig. 10.3) [123]. For
a regular chain of droplets the jet has to be modulated with a piezo element
included in the nozzle. The high frequency modulations (0.9-1.3 MHz) cause
a pressure modulation which leads to a modulation of the jet diameter [124].
Thus, the jet breaks up into a regularly chain of droplets (Fig. 10.3).
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Figure 10.3: Proton images of the droplet chain. Without modulation, with a modulation
frequency of 1.2 MHz and 1.3 MHz. The size of the droplets is about 16 µm with a spacing
of 45 µm and 42 µm, respectively.

The droplet size depends on the background pressure and the modulating
frequency [124, 125]. The background pressure is the pressure with which
the water is pushed through the capillary. In the presented experiments the
background pressure was held fixed at 30 bar. With a modulating frequency
of 1.2 MHz the droplet size is approximately 16 µm with a spacing of about
45 µm. The velocity of the droplets can be estimated, knowing the distance
of the droplets and the modulating frequency to be about 54 m/s.

After a few millimeter the droplets fall into a tube with an aperture of 3
mm. This tube was connected with a heated bowl to avoid the creation of
ice stalagmites which would grow up to the nozzle. This separated vacuum
apparatus was pumped by two scroll pumps. A cooling trap was installed
additionally to reduce the pressure down to 10−2 mbar. Due to the use
of several turbo pumps and cooling traps the background pressure in the
experimental chamber was 10−5 mbar. To achieve the necessary pressure of
10−6 mbar for the MCP, the way to the imaging MCP-detector was pumped
differentially. Even if the background pressure was very low the local gas
density near the droplet chain seems to be several orders of magnitude higher.
In Fig. 10.4 a proton image of the droplet chain is shown. The laser (CPA2)
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(from the left side) misses the droplets. Nevertheless, the proton probe beam
is influenced. This cannot be caused by a direct interaction with the laser
pulse. The laser pulse ionizes the gas around the droplet and the droplets
surface by the wings of the pulse. While propagating through the plasma
the laser breaks into filaments and creates magnetic fields which deflect the
proton beam [102].

Figure 10.4: In this proton image the laser pulse misses the droplet. The filaments are
caused by the interaction of the laser pulse with the background gas. (laser from the left)

The surrounding gas is caused by the evaporation of the water into vac-
uum and the evaporation of the droplets due to the incident laser light. The
ambient pressure was estimated roughly to be 10−3−10−4 mbar in the vicin-
ity of a few 100 µm of the droplets. Due to this fact the irradiated droplet
can not be regarded as a fully isolated system. The surrounding gas is ionized
by the laser and can contribute to the charge compensation of the droplet
(see Chapter 10.3).

10.3 Proton Images of Irradiated Water

Droplets

In contrast to flat foils the spherical shape of the water droplets of about 15-20
µm diameter limits the lateral electron transport [95]. Electrons are acceler-
ated by the laser pulse - penetrate into the droplet and leave the droplet at
the rear side. They escape until the resulting potential of the positive charged
droplet prohibit further migration. Electrons which can not escape built up
an electrostatic field (sheath) at the rear side, perpendicular to the target
surface which accelerates the protons. This is the usual TNSA-mechanisms
(see Chapter 3). Since the droplet is not grounded directly the sheath spreads
around the droplet while decreasing. Due to the spherical symmetry protons
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are accelerated over the full solid angle while modifications of isotropic emis-
sion have been observed [91, 101, 121]. Furthermore, electrons produced at
the front side can reach the rear side by passing around the droplets which
may lead to an additional enhancement of the electrostatic field on the rear
side [15].

In the experiments a radially symmetric deflection was observed caused
by the positive charged droplet. In addition an asymmetric deflection of
the proton beam was recorded at the rear side of the droplets. In Fig. 10.5
a symmetric deflection of the probe beam is shown. This images is time
integrated over 150 ps including the beginning of the interaction of the laser
with the droplet. By shortening the gating time and thus improving the time

Ncugt

Figure 10.5: Radial symmetrical deflection of the proton beam (time resolution ∼ 150
ps).

resolution of the proton images, fine structures become visible.
A distinguished feature in almost all images of Fig. 10.6 are fine fila-

ments which are perpendicular to the target surface. A possible explanation
for these structures are Weibel-like instabilities caused by counter streaming
electron currents [126]. Hot electrons which cannot overcome the electro-
static barrier return into the droplet. Inside the target the cold electrons
built up a counter streaming current [127]. This unstable regime leads to
filaments at the target surface connected to surrounding magnetic fields and
a radial electric field which is balancing the electron pressure [127]. Due to
the plasma expansion the imprinted structures extend over several hundred
µm.

The temporal evolution of the proton deflection is shown in Fig. 10.7.
Starting from an undistorted picture at a time before the laser hits the
droplet, strong fields lead to a deflection of the proton probe beam at later
times (t > 0 ps, where t = 0 represents the time when CPA2 hits the droplet).
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Figure 10.6: A series of irradiated droplets (exposure time about 65 ps). Showing a
spherical emission and fine filament structures caused by Weibel-like instabilities (t = ±32
ps).

In this picture (t = 0 ps) strong fields are visible even if no mesh was in-
serted. The image of the droplet chain is strongly distorted. Thus, the probe
beam is not stopped by matter, it is deflected by electric fields. Later on,
the images of the droplets are not distorted, except of the irradiated droplet.
The protons are stopped and scattered by the expanding droplet.

/322"ru 2"ru -332"ru -375"ru -497"ru -856"ru

Figure 10.7: Proton images of the droplets at different probing times within a time
window of ±32.5 ps. (laser from the left)

A mesh was inserted into the proton beam for detailed investigations. The
results are shown in the upper row of Fig. 10.8. The symmetric deflection of
the probe beam is clearly visible. The mesh structure is distorted similarly to
the deflection caused by a Coulomb potential. Thus, the observed deflection
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can be associate with the charged droplet caused by the leaving precursor
electrons.

Figure 10.8: In the upper row a mesh was inserted in the proton beam (exposure time
65 ps, t ∼ 0 ± 32.5 ps). In the lower row the mesh was removed and the exposure time
was about 150 ps ( t ∼ 0 ± 75 ps). Laser from the left. At the rear side in laser direction
a broad channel-like structure is visible indicating a directed ion emission.

The charge of the droplet can be roughly estimated analytically. Using
the scaling laws given in reference [2], one can calculate the hot electron
temperature Th of the electrons produced by the CPA2 laser pulse:

Th ≈ mec
2(γ − 1), (10.1)

where γ = (1 + 0.7 I18 λ2
L,µm)1/2 with me - the electron rest mass, I18 - the

laser intensity in units of 1018 W/cm2 and λL,µm - the laser wavelength in
µm. The energetic electrons propagate through the droplet and the number
of electrons Neh which can overcome the electrostatic barrier at the rear side
can be estimated by [128]:

Neh ≈ mec
24πε0rL

e2
(γ − 1), (10.2)

where rL - scales roughly with the laser beam radius which produces an
electron bunch with a similar radius. For the experiment with I18 = 2 one
obtains roughly Th ≈ 190 keV and Neh ≈ 5 · 108 for rL = 5− 8 µm which can



10.3 Proton Images of Irradiated Water Droplets 91

account for a target charge of about 0.10-0.17 nC. The charge is increasing
on a picosecond time scale while the hot electrons are leaving. When no more
electrons are able to escape the charge is decreasing due to charge balancing
of surrounding electrons from the adjacent droplets and the background gas.
The electric field of the charge can field-ionize the neighbor droplets as well
as the background gas which is arising from the evaporation of the droplets.
Also the spatial wings of the laser field can ionize the background gas (see
Chapter 10.2). Hence, the droplets are surrounded by a relatively large charge
reservoir which can account for charge compensation. Therefore the charge
is decreasing in time although the droplet is not grounded directly.

In the central part of the images in Fig. 10.8 an undistorted mesh structure
is still visible. This is a result of the time integration over 65 ps. The charge
is compensated at a time scale of several tens of picoseconds. Protons which
arrive at the droplet later are no longer deflected by the field.
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Figure 10.9: A - Setup of the spectra measurements. B - Proton signal emitted from
the irradiated droplets in laser (CPA2) direction (red line). The black line represents the
proton signal when irradiating the droplets with CPA1.

Additionally, at the target rear side in direction of the laser propagation,
the mesh structure is blurred. This asymmetric deflection is better visible
if the mesh is removed. In Fig. 10.8 the pictures of the lower row show
the same behavior, a radially symmetric deflection and a broad channel-like
structure. This structure in the proton images is characterized by a lower
proton number and the smearing of the mesh structure. This is caused by a
propagating ion front, time integrated over several picoseconds. The velocity
of the ion front can be estimated from the proton spectra emitted from the
droplets which was measured simultaneously. The maximum energy of the
protons was about 0.5 MeV which corresponds to a velocity of 8 · 106 m/s
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(cf. Fig. 10.9).

As suggested in reference [46, 47] the electric field has a plateau like region
between target and front and a strong enhancement directly at the front due
to charge separation (see Chapter 2.3). Nevertheless, the integration over a
time period of several tens of picoseconds prevents a direct observation of the
exact field structure.

To explain the directional ion emission a 2D-PIC simulation [129] was
applied by T. Toncian in the scope of the TR18 program1. In Fig. 10.10 the
distribution of the electric field is shown at t = 220 fs. A strong enhancement
at the rear side of the droplet (to the right) is visible. This enhancement is
caused by electrons which spread around the droplet, and leads to a direc-
tional ion emission.

×


Figure 10.10: Distribution of the electric field at t = 220 fs as a result from a 2D-PIC
simulation. (laser from the left)

The calculation predicts such an enhancement only if the laser pulse hits
the droplet centrally (see also [101]). Thus, the difference to the images of
Fig. 10.6 can be explained where the droplets are maybe hit slightly off-axis.

10.4 3D-Particle Tracing

For a quantitative analysis simulations have been carried out with a commer-
cial 3D particle tracer [130]. With the help of the tracer the deflection of the
proton probe beam caused by electric fields can be calculated in three dimen-
sions. The energy interval of the detected protons was taken into account

1DFG - Sonderforschungsbereich Transregio (TR18) http://www.tr18.de/
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(cf. Fig. 10.11 B). The positive charge of the droplet was assumed as a point
charge which increases and decreases exponentially in time (cf. Fig. 10.11 A).

Q = Q0 ·







exp
(

t
∆t1

)

if t < 0

exp
(

− t
∆t2

)

if t > 0
(10.3)
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Figure 10.11: A - Temporal evolution of the droplet charge (∆t1 = 1 ps, ∆t2 = 50 ps).
B - Assumed proton spectrum used in the simulations (red line) and the effective proton
signal which was detected in the experiment. The narrow energy width and the shape is
caused by the gating of the MCP.

By comparing the tracing results and the experimental measurements
the evolution of the charge could be estimated. The maximum charge was
assumed to be 0.14 nC which fits very well with the analytical estimations.
Also a minimum time constant for the decreasing field could be determined.
The field increases exponentially in only a few picoseconds (∆t1 = 1 ps). The
exponential decrease in the simulation was assumed to be ∆t2 = 50 ps. A
faster charge compensation would not reproduce the recorded pictures. The
radial deflection - the ring like structure - would not be visible. Also a much
slower decrease would be in contradiction to the recorded images at different
times. The deflection is only visible in a small time window - similar to the
integration time of about 65 ps which fits with the results from the particle
tracing.

The result of the simulation, shown in Fig. 10.12 B, reproduces the experi-
mental observations very well. The protons are deflected radially symmetrical
where the mesh structure shows deformations. Also the reticle like structure
of the central horizontal and vertical spacing is visible in the simulated pic-
ture. In the particle tracing 106 protons where considered for the simulation.
Differences in the pictures are visible at the rear side (right-hand side) of the
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C D

Figure 10.12: A - proton image with inserted mesh. B - Simulation with 1 ·106 particles.

water droplet, whereas the laser comes from the left-hand side. In the exper-
imental observations a distortion and blurring of the mesh structure arises.
As discussed above this is caused by the moving ion front in laser forward
direction.

In Fig. 10.13 a directed ion front was simulated additionally. For this a
rough assumption was made: The moving ion front is simulated by a moving
point charge. It was assumed that the field between the moving front and
the droplet is zero. This is due to the fact that only a homogenous field
between front and target exists which decreases very fast (∼ t−2) [47, 105].
The adjacent droplets are field ionized by the field of the charged central
droplet and ionized by the wings of the laser beam. The positively charged
central droplet leads to a positive charge of the two adjacent droplets. This
effect was already seen in reference [77] where a metal wire was irradiated
by an intense laser pulse and a proton emission from a second wire placed
250 µm away was observed and explained by the charge up effect. Thus,
it was assumed in the simulation than the neighbor droplets are positively
charged by 1/6 of the overall charge. The result of the simulation, shown in
Fig. 10.13 visualizes the creation of the channel-like structure by a moving
localized field - like the field of the expanding ion front (see Chapter 11).

In summary, laser irradiated water-droplets were investigated with proton
imaging. A positive charge (∼0.14 nC) of the droplets caused by the escaped
precursor electrons and a directional ion emission in laser forward direction
with energies up to 0.5 MeV were observed. Simulations of the deflection
with a 3D particle tracer are in a good agreement with the experimental
results.
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DC

Figure 10.13: A - Proton image with a pronounced asymmetric deflection. B - Result of
a simulation done with the particle tracer. (laser from the left-hand side)
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Chapter 11

Streak Deflectometry

In the previous chapters proton deflectometry was used to investigate elec-
tric fields. Therefore 2-dimensional temporal snapshots of the probed plasma
were applied. But they always deliver temporally integrated images of the
transient fields at different probing times. In future experiments the newly
applied gated MCP technique can be improved to generate short time inte-
grated snapshots with a temporal resolution of a few picoseconds (cf. Ap-
pendix B). New high voltage pulse generators are available, optimized to gate
multi-channel plates with a time window of 5 ns down to hundreds of picosec-
onds. Nevertheless a series of many snapshots is required to reconstruct the
temporal evolution of the fields in detail.

In the following chapter a novel method will be discussed which allows
a continuous record of the field evolution for the first time. This method is
named ”streak deflectometry”. The proton probe beam is streaked dependent
on the proton energy in one dimension due to a simple magnet. Thus, the
deflection in the probed field of every proton energy can be traced back to a
continuous temporal evolution of the field.

The ”streak deflectometry”method was used to investigate the rear side of
a laser irradiated thin foil. Recent experiments (e.g. [78]) show the necessity
to investigate extended electric fields which exist much longer than the laser
pulse duration. The measurements show the field evolution in a time window
of several nanoseconds with a resolution of ∼ 30 ps. Due to numerous data
points a detailed reconstruction of the fields are possible.

11.1 ”The Proton Streak Camera”

If the proton beam is detected with a velocity dispersive detector (e.g. a
magnet spectrometer) the influence of electric fields to the protons can be

97
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proton beam which passes the interaction target at a defined distance and its
deflection is projected to the detector. In fact, for every proton energy the
deflection is recorded. Since each proton energy corresponds to a different
probing time (arrival time at the object to probe) the continuous temporal
evolution of the fields is recorded.

The time resolution given by the energy resolution of the magnetic spec-
trometer and the length of the proton flight path from the 1st (proton pro-
ducing) to the 2nd (interaction) target is about 30 ps.

11.2 Streaking Transient Electric Fields

An undisturbed image (without the incident of CPA2) recorded with the
”streak deflectometry” setup is shown in Fig. 11.2 A. Along the x-axis protons
are dispersed according to their velocity which determines the arrival time of
the probe pulse at the interaction target (upper abscissa). The y-axis shows
the position at the detector. Even without the incident laser (CPA2) the
pointing of the proton beam causes fluctuations at energies below 0.8 MeV.
This is based on small movements of the proton source during emission which
causes a ”wiggly” trace as determined in reference [93, 94] (see also Chapter 7
and 5.3). This ”wiggling” is fluctuating from shot to shot. Therefore variation
of the beam pointing has been calculated from 10 shots for data analysis (cf.
Fig. 11.4 B).

Fig. 11.2 B-D shows the proton deflections when the CPA2 pulse irradiates
the interaction target at intensities of (1 − 9) · 1017 W/cm2 (0.7 - 5 J pulse
energy). The energy cut-off of the protons sets the maximum energy, whereas
the minimum energy in the measurements is set by the MCP gating or by
the boundary of the detector.

High energetic protons reach the interaction target at first. At this time no
fields have been created due to the absence of the second laser pulse (CPA2).
As the laser pulse hits the target, electric fields are created and thus the
proton probe beam is deflected away from the target surface. At first, the
deflection increases and decreases relatively fast within a few picoseconds.
Note that the recorded traces show a convolution with the field extension.
The deflections strongly depend on the distance to the target surface. Protons
passing closer to the interaction target are deflected stronger than protons
being far away. At later times the deflection decreases slowly (up to 5 ns),
but now the deflection does not depend on the distance to the target surface.

This observation can be explained by the presence of two electric fields.
One field (Field 1) is created due to the charge distribution at the ion front.
The electric field peaks directly at the ion front [47] which expands with an



100 Streak Deflectometry

207 3 4
gpgti{"]OgX_

2047

34567
vkog"qh"hnkijv"]pu_

2

7

32

37

42

8

C

rq
uk
vkq
p"
qp
"O
E
R"
]o
o
_

207 3 4
gpgti{"]OgX_

2047

34567
vkog"qh"hnkijv"]pu_

2

7

32

37

42

8

E

rq
uk
vkq
p"
qp
"O
E
R"
]o
o
_

207 3 4
gpgti{"]OgX_

2047

34567
vkog"qh"hnkijv"]pu_

2

7

32

37

42

fg
hng
ev
kq
p"
qp
"O
E
R"
]o
o
_

8

F

207 3 4
gpgti{"]OgX_

2047

34567
vkog"qh"hnkijv"]pu_

2

7

32

37

42
fg
hng
ev
kq
p"
qp
"O
E
R"
]o
o
_

8

D

Figure 11.2: Proton streak images: Position against energy. The latter corresponds to
the time of flight to the interaction target (upper abscissa). The arrow indicates CPA2
laser irradiation on the interaction target, the edge of the interaction target is at the upper
boundary of the traces; A - no irradiation of the interaction target, B - 0.7 J pulse energy
of CPA2, C - 2.3 J and D - 5 J.

assumed velocity of about 106 − 107 m/s. The field is strongly localized and
decreases in time (∝ t−1) [47, 105] and is responsible for the fast and strong
increasing and decreasing deflection.

The second field (Field 2) is created due to leaving precursor electrons.
The target gets positively charged. The deflection (Y ) of the proton probe
beam, propagating in z-direction, can be estimated as follows:

The electric field of a charged cylinder is determined by:

Eel =
σ

ε0

R

r
, r > R (11.1)
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where σ is the charge density, R the radius of the cylinder and r the distance
to the cylinder axis. The y-component of the electric field can be written as:

Eel,y =
σ

ε0

R

r
· y

r
, r =

√

z2 + y2, Eel,y = Eel ·
y

r
. (11.2)

Integrating over the electric field along the path of the protons (assuming
small deflections) leads to the velocity vy of the protons in y-direction.

Eel,y · e = mp ·
d2y

dt2
(11.3)

vy =

∫

Eel,y · e
mp · vz

dz, vz =
dz

dt
(11.4)

vy =
σ · π · R · e
ε0 · mp · vz

(11.5)

The ratio of the velocities (vy/vz) and the distance to the detector L deter-
mine the position of the protons on the detector.

Y =
σ · π · R · e
ε0 · mp · v2

z

· L, Y =
vy

vz

· L (11.6)

Protons are deflected regardless to their incoming original position on y-axis
(y) by a similar value [131]. This is visible at the low energetic part of the
experimental traces.

For a quantitative analysis of Fig. 11.2 C, with a 2.3 J incident laser
pulse, a model was used on the basis of [105] with an additional charge of
the cylinder.

11.3 Fitting Calculations

In the following the measurement shown in Fig. 11.2 C is analyzed in detail
(CPA2 - 2.3 J). The deflection of Field 2 was calculated similar to Eq. 11.6.
The field relates to the electric field of a charged cylindrical surface with a
total charge of 2 · 10−9 C extending over 8 mm along the target surface. It
increases in time with an exponential coefficient of 0.135 ns and decays at
about 1 ns.

The field at the ion front (Field 1) was assumed to increase and decrease
exponentially with the distance to the ion front (scale length: 100 µm). The
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ion front expands with about 107 m/s while the field strength decreases with
the cube of the distance to the target surface. The maximum strength of
Field 1 at the surface is about 4 ·108 V/m. The field starts with an extension
of 5 mm along the target surface. In Fig. 11.3 the structure of Field 1 (the
expanding ion front) is shown schematically for one special time.
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Figure 11.3: Schematical structure of Field 1 at the beginning of the expansion.

In Fig. 11.4 the calculated field components together with the experimen-
tal traces of Fig. 11.2 C are plotted. In Fig. 11.2 B also the fluctuations of the
proton beam pointing, estimated over 10 shots without incident laser, were
taken into account. The determination of the strength of Field 1 and Field
2 is subjected to an error of about 7% and 20%, respectively.

The combination of both fields describes the whole recorded experimental
picture very well, although some assumptions have to be considered more
precisely.

For example the large extension of the fields are necessary for the width
of the deflection peak. A larger or smaller extension would not fit the ex-
perimental traces. Additionally this fact is confirmed by the 2-dimensional
proton images in Chapter 9 and the source characterization measurements
in Chapter 7.

Also the estimated expansion velocity of 107 m/s is a result of the fitting
to the experimental traces. Lower velocities would result in a too narrow
deflection curve and non-coincident maxima of the different traces. In the
simultaneously measured spectra, the maximum energy of the protons emit-
ted from the interaction target was determined to be less than 0.5 MeV
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Figure 11.4: A - coordinate read out of traces together with calculated deflection (cf.
text), B - comparison of the superimposed field fit to the measured proton beam deflection.
Error bars are caused by the shot to shot fluctuation of the proton beam pointing (average
of 10 shots, C - deflection by Field 2 - the ”target charge up” field alone, D - deflection by
Field 1 - a moving field front coupled to an ion front,

which corresponds to a velocity of 107 m/s. Thus, the calculation delivers an
overestimated velocity of the front.

The estimated temporal evolution of Field 2 shows a relatively slow in-
crease of about 135 ps. One would expect an increase of the field within a
few picoseconds when the precursor electrons have left the target. In fact
the lateral spread of the electrons over the target surface has not been taken
into account in the calculations. Also shielding effects by the expanding hot
electron cloud are not considered. Hence the estimated time constant of the
increasing field represents the upper limit. However, the decay time of the
field is less influenced by these effects. Thus, the estimated time constant
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delivers a representative value.
The estimated maximum electric field strength at the beginning of the

expansion process is plotted in Fig. 11.5 for different Nd:glass laser energies.
This field strength represents a temporal averaged value of the acceleration
field and the field of the expansion front. A nearly exponential dependence
of the maximum field and the laser energy is indicated.

Figure 11.5: Maximum field strength for different pulse energies of CPA2.

Regarding to the scaling laws given in reference [58] for the TNSA-process
and the laser energy conversion [91] one would expect a dependence of the
electric field (E0,el) as follows:

E0,el ∝
√

Elaser, (11.7)

where Elaser is the laser energy. In Chapter 9 this behavior has been observed
at the same experimental conditions but at higher pulse energies (CPA2).
This could be an indication that laser intensities of < 5 · 1017 W/cm2 give
a lower threshold of the analytical estimations of the TNSA-process at this
target and laser parameter configuration.

11.4 Particle Tracing

In fact, the model described above is oversimplifying the physical processes.
Thus, a second model was developed taking into account the physical pro-
cesses more precisely. The calculation, including a particle tracing, was done
by M. Amin (University of Düsseldorf) in the scope of cooperation in the
TR18 program. In this approach Field 1 was constructed by modelling an
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one dimensional plasma expansion into vacuum according to [105] and [47].
Spatially, the electric field shows a plateau region which is followed by an
exponential rise up to the peak at the front and then decays as (1 + r/l)−1

where l is the field scale length and r is the distance to the target surface.
The field front moves away from the target surface while the electric field in
the plateau region decays as (1 + t/τ)−2 whereas at the peak and the subse-
quent region the field decays as (1 + t/τ)−1 (τ is the decay constant). Field
2 is the field of a charged cylinder, shielded by the charge of the field front.
The two fields are superposed and applied to field lines normal to the target
surface.

The electrons involved in the plasma expansion, assumed by the scaling
law given in reference [2] with a temperature of roughly 100 keV and carrying
about 5-10 % of the focused laser energy [132], spread over the rear side of
the target with a Gaussian density distribution of about 6 mm FWHM (1).
The field scale length l was supposed to be 100 µm, similar to reference [105].
The following parameters could be fitted also to the experimental data: the
decay constant τ (3 ps) of Field 1, the front propagation velocity (106 m/s),
the maximum charge density (Field 2) on the target surface (10−4 C/m2),
the linear grow within 10 ps and the exponential decay time (600 ps) of the
target charge.

Figure 11.6 A shows a simulated proton streak measurement including an
extracted deflection curve from the experimental data. By varying the decay
time in the simulation, the shape of the deflection peak could be influenced
and thus the decay time could be fitted. The wavy structure in vicinity of the
deflection peak can be seen both in the experimental and in the simulated
picture which was matched by varying the front propagation velocity. This
structure is caused by the interaction of the probe particles with the field
front. Figure 11.6 reproduces qualitatively the measured deflection around
the peak and the behavior at the trailing edge.

The applied electric fields are plotted in Fig. 11.6 B, C. The electric field
peaks at t = 0 at the target surface at about 3 · 108 V/m. It shows a sharp
decrease during the first picoseconds but then persists on a lower level while
the front propagates through the experimentally observable region.

With the analytical calculations and the particle tracing similar values for
the maximum electric field strength, about (3− 4) · 108 V/m, of Field 1 were
estimated. Also the background charge and its decay time was estimated
within the same order of magnitude about (0.3− 1) · 10−4 C/m2 within (0.6-
1) ps.

1Similar to the calculations in the previous section, this assumption has to be made to
reproduce the width of the deflection curve.
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Figure 11.6: A - Simulated proton streak measurement including an extracted deflection
curve from the experimental data. B,C - Electric field strength against distance from the
target surface for different times. B - shows the electric field evolution shortly after the
incidence of CPA2. The graphs correspond to 0 ps (solid line), 5 ps (dotted line), 10 ps
(dashed line) after the incidence of the peak of the pulse. C - shows the long-run evolution:
250 ps (solid line), 500 ps (dotted line), 750 ps (dashed line). Simulation done by M. Amin
- University of Düsseldorf

In summary the novel imaging method, called proton ”streak deflectom-
etry”, allows measurements of real-time dynamics of transient and intense
fields in laser plasma interactions. In particular the fields on the rear of a
laser irradiated metal foil which are responsible for the process of laser proton
acceleration were investigated. The observed streak images were qualitatively
explained by the temporal and 1D-spatial development of two electric fields
arising from charge-up and charge compensation at a nanosecond timescale,
and ion front propagation at a timescale of several hundreds of picoseconds.
Thus, effects of energetic electron generation and extended lateral transport
which leads to transient electric fields (∼ 108 V/m) with millimeter lateral
extension was observed.



Summary and Outlook

Proton acceleration due to the interaction of high intense laser pulses with
matter has a high potential for future application. Therefore a more detailed
understanding of the physical processes is required to optimize the beam
attributes for these purposes. One recently realized application is the proton
imaging which was used in the presented thesis to investigate the acceleration
processes.

In the frame of this thesis novel imaging techniques were developed and
used to study different target systems. The ”streak deflectometry” allows a
continuous record of electric fields over a nanosecond timescale for the first
time. The temporal evolution of these electric fields was studied in detail.
They show a large extension and a lifetime of several hundreds of picosec-
onds and a few picoseconds, respectively. These results help to understand
the temporal evolution of the proton source and processes involved in other
applications e.g. the micro-lens [78].

For the first time gated MCPs were used for the proton imaging pur-
pose. They allow two-dimensional snapshots of the field evolution. This
technique enables the first detailed investigation of irradiated isolated micro-
spheres. These mass-limited targets which are electronically not connected
to the ground are one of the most promising systems regarding the efficiency
and production of tailored proton spectra. As a result of these experiments
a field structure was observed and analyzed which can be connected to a
directed proton emission. This novel effect could be used to overcome the
hindering isotropic proton emission and thus to enhance the usable number of
protons for applications. This essential feature in combination with the high
repetition rate, quasi-monoenergetic ion beam generation and predictions of
efficient conversion of laser to ion energy, increases the attraction of such an
ion beam source.

Aside from proton imaging experiments, investigations of the proton beam
characteristics have delivered new results concerning the proton source and its
temporal evolution. Especially at lower proton energies (< 1 MeV) protons
are accelerated from areas of several millimeter extension when irradiating
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thin foil targets even with focused laser beams of micrometer diameter. It
was shown that the emission is influenced by the laser parameters especially
the temporal contrast of the pulses. Thus, different absorption mechanisms
can arise, creating electron currents which cause different proton acceleration
areas. These results are partly supported by the imaging experiments and are
important for the application of the imaging technique itself. The fluctuation
of the proton beam pointing at low energies have to be taken into account
for the interpretation of the experimental results.

Future experiments will give a more detailed picture of the acceleration
process for mass-limited and isolated targets. The time resolution of the
imaging techniques with gated MCPs will be improved further due to new
available gating units. One aspired ambitious goal is a trapped single sphere
irradiated by the laser pulse and probed by a proton beam. The advantage
compared to the water droplet target will be the background-gas free envi-
ronment. It has been shown that the water droplet can not be regarded as
a fully isolated system. The short distance between the droplets and the
background-gas caused by evaporation of the droplets, result in a more com-
plex system influencing the emission characteristics. The irradiation of a real
isolated sphere with a high contrast and intense laser pulse is a promising
goal.

New techniques for temporal pulse cleaning have been developed recently.
This evolution enables laser matter interaction with ultra-thin targets of tens
of nanometer only. Therewith an enhancement of efficiency of the accelera-
tion process is connected and needs to be investigated in detail. The com-
bination of a high pulse contrast and mass-limited targets could approach a
new regime in the particle acceleration.
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Appendix A

Zernike Polynomials

Zernike polynomials are used in Chapter 4.1 to describe the wavefront of the
Ti:Sa laser pulse. They are a set of polynomials, defined on the unit circle and
consist of an angular function and radial polynomials derived from the Jacobi
polynomials. Slightly different definitions exist concerning the normalization.
The following formalisms are strongly connected to the definitions used by the
wave-front sensor unit and can be found in reference [85]. The polynomials
are defined by:

Zeven j =
√

n + 1 · Rm
n (r) ·

√
2 · cos mφ

Zodd j =
√

n + 1 · Rm
n (r) ·

√
2 · sin mφ







m 6= 0 (A.1)

Zj =
√

n + 1 · Rm
n (r), m = 0

where

Rm
n (r) =

(n−m)/2
∑

s=0

(−1)s(n − s)!

s![(n + m)/2 − s]![(n − m)/2 − s]!
rn−2s (A.2)

The ordering index j is a function of n and m. In Fig.A.1 the used ordering is
shown. Another common notation of the polynomials is given by Zm

n , where
negative m indicates even j. The first orders can be connected to classical
aberration as follows:
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Appendix B

Gated MCPs

In the imaging experiments presented in this thesis MCPs were used mainly.
It was necessary to gate the MCP to avoid influences of signals caused by elec-
trons or x-rays and to achieve an energy selection of the proton signal. Thus,
the detector is sensitive in a short time window only (gating time). Due to
the broad energy distribution the proton bunch is temporally stretched dur-
ing the propagation. For the interpretation of the imaging pictures the gating
time and the energy of the detected protons signal have to be known. There-
fore proton spectra were measured using a Thomson spectrometer and the
gated MCPs. In the following the analysis of these spectra will be discussed
which delivers the gating time and the proton energy.

Two different gating units were used in the experiments, a commercial
gating MCP system (Schulz Scientific Instruments) and a MCP actuated by
two high voltage switches for MCP and phosphor screen. The commercial
system was used with a fixed gating time. The reference spectra are shown in
Fig. B.5 for different trigger times (time between laser-target interaction and
activation of the MCP). The energy resolution of a Thomson spectrometer is
defined roughly by the width of the pinhole projection and thus by the vertical
profile of the trace. Since the horizontal and vertical width are comparable for
the shown spectra the pinhole projection has to be considered to determine
the energy resolution (cf. Fig. B.1 A). Thus, the measured signal S is a
convolution of the pinhole function P and the spectra E.

S = E ⊗ P (B.1)

The pinhole function is plotted in Fig. B.1 B dependent on the y-coordinate.
The fit with a super-gaussian function (f = exp [x4/d2]) was convoluted
with a gaussian function to reconstruct the measured spectra trace. This
gaussian function can be converted into the energy space representing the
proton spectra E(Eprot). Being aware of the spectra the gating and exposure
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time of the object to probe can be calculated (cf. Fig. B.2). The gaussian
shape of the detector sensitivity can be explained by the high voltage pulse
generated by the pulse generator.
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Figure B.1: A - The measured signal S(x) can be described as a convolution of the
pinhole function P (y) ≈ P (x) and the spectra E(x). B - pinhole function P (y) fitted with
a super-gaussian function.
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Figure B.2: A - Reconstructed function of the detector sensitivity (gating time). B -
Time of flight (t=0 defined as arrival of the max. proton signal) of the detected proton
bunch at d = 15 mm.

In Chapter 9 and in some experiments in Chapter 10 a gated MCP was
used with an adjustable gating time. The MCP voltage and the phosphor
voltage can be switched on and off independently. Thus, the gating time and
the exposure time varies in the experiments. The achieved exposure time
was about 400 ps (Chapter 9) and 150 ps (Chapter 10) dependent on the
magnification of the images (cf. Fig. B.3). The exposure time for a fixed
time window depends only on the distance of the object and the detector (cf.
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Figure B.3: A - Estimated detector sensitivity fitted with gaussian function. B - Time
of flight of the proton bunch at d = 15 mm.

Chapter 8.3). In Fig. B.4 A the exposure time against the magnifications
(M = L/d) is plotted for the achieved gating time of tGate = 4.58 ns. To
give a prospect for further experiments a graph is shown for a gating time
of tGate = 0.5 ns since gating units are available now with a sub-nanosecond
gating time. As shorter the gating time as less number of protons can be
detected. Thus, the distance to the detector has to be decreased to detect a
larger amount of protons and the distance to the object to probe has to be
decreased to realize the necessary magnification and exposure time (cf. In
Fig. B.4 B).

  

  




Figure B.4: A - Exposure time dependent on the magnification for the gating time
realized with the commercial MCP system (tGate = 4.58 ns). B - Exposure time for a
gating time of tGate = 0.5 ns. C - Fraction of the detected proton numbers for an MCP
with a diameter of 4 mm. (half angle of proton emission 20◦) where L is the distance
between source and detector.
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Figure B.5: On the right-hand side the measured proton signals are shown. The dashed
line indicates the point of no deflection whereas the deflection of the proton signal due to
the magnetic field is indicated by the arrow. From the distance of the signals to the zero
points the energy can be determined. On the left-hand side the corresponding spectra
are shown. The measured signal is reconstructed by a convolution of the pinhole function
and an assumed spectra. In the time-space these spectra function is constant for this
experiment series and defines the detector sensitivity (cf. Fig. B.2).
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