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There is a theory which states that if ever anyone discovers exactly
what the Universe is for and why it is here, it will instantly disappear
and be replaced by something even more bizarre and inexplicable.
There is another which states that this has already happened.
DNA [1]




Abstract

The primary aim of this thesis was the acceleration of ions with a nuclear charge Z > 1 to
multi-MeV energies by means of a laser pulse. While laser-induced proton acceleration in
the MeV-range has recently been achieved by a number of groups, the laser acceleration of
high quality, high energy beams of heavier particles has been demonstrated for the first time
within the framework of this thesis. Furthermore, the obtained data could then subsequently
be used to understand the dynamics of the acceleration physics, which was not accessible by

the means of the previously performed experiments.

10" -

-

(=]
-
o

il

Te
8] |=——F";35E=4%
10 ]|——C";2E=0.01%
1| =—C";3E=0.03%
e ¥ SE= 01 %

loncounts / MeV
3

7 |
10 3 |——c*":zE=03% ‘
: C™; XE=0.02% . |
1o°' Tt _ 1 S —
0 1 10 100

Energy [ MeV ]

Figure 1: Spectra of laser-accelerated heavy ion-jets.

The particles were accelerated using a state-of-the-art ultrahigh-intensity laser , with a peak
power in excess of 100 Terawatt (TW) and a focused intensity I ~ 5 x 10'® W/cm?. These
powers and intensities are achieved by compressing 30 Joule of energy in a.laser pulse as
short as 300 femtoseconds (fs) and focussing this pulse down to a spot with a radius r < 8
pm. When laser pulses with intensities of ~ 10! W/cm? interact with thin metal foils they
ponderomotively accelerate electrons to energies of several MeV. Due to the relativistic nature
of the interaction at these intensities the acceleration is mainly directed in forward direction
and the electrons penetrate the target foil. Upon exiting they set up an ultrastrong space
charge field of several TV/m. While the ions have a too high inertia to be significantly moved
by the rapidly oscillating laser field, this quasistatic field at the target rear surface accelerates

ions to multi-MeV energies. The ions are emitted in a narrow beam with a divergence

decreasing with increasing energy and charge state. Without any special precautions this




acceleration mechanism is only effective for protons, regardless of the target material. Due
to the operating conditions of ultrahigh-intensity lasers an ultra-high vacuum environment is
not possible and the target surfaces are always contaminated by a thin layer of hydrocarbons.
Due to their higher charge-to-mass ratio protons are always more efficiently accelerated than
any other ion and subsecuently the protons outrun all other ion species and effectively screen
the accelerating potential.

The way to accelerate other ion species therefore lies in getting rid of the protons. By heat-
ing the targets we succeeded in removing the contaminant layers of hydrocarbons. This is
achieved by either resistive heating or laser heating. Once the hydrocarbons are removed,
other ions are efficiently accelerated as can be seen in the spectrum shown below. Two
Thomson-parabola ion spectrometers were designed and employed to obtain these high-
resolution, absolutely calibrated ion energy spectra and charge state distributions. Carbon
and fluorine ions were accelerated to energies of several MeV /nucleon, the highest achieved
energy was measured for F7t-ions with more than 100 MeV. A conversion efficiency of laser
energy to heavy ion energy of > 5 % has been achieved for optimal heating parameters.
This corresponds to roughly the same conversion efficiency that was otherwise measured for

protons.
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Figure 2: Spatio-temporal evolution of accelerating fields and ion densities.

The measured spectra and charge state distributions contain information on the dynamics of
the ionization and acceleration processes. It is shown that the main ionization mechanism is
Field Ionization by Barrier Suppression (FIBS) and that collisional ionization and recombi-
nation are of minor importance. The ionization happens sequentially as the ion moves away
from the target surface, on a spatial scale of ~nm and a temporal scale of ~fs. The initial

ion distribution during and shortly after the laser pulse is stratified - i.e. C!* closest to the

unperturbed surface, followed by C?*, C3*and finally C** extending and forming the forward

edge of the expanding ion front. The accelerating field moves outwards into the vacuum as
could be shown by simulations with a 1-dimensional kinetic code which was developed within
the scope of this work. The interaction is highly dynamic and gets increasingly complex as
the system cools down after the pulse. Having established FIBS as the responsible ionization
mechanisny, it is now possible to use the charge state distribution as a probe for the strength
of the accelerating field. Since the individual charge states have different energy distributions
this probe is automatically time-dependent and reveals information about the field dynamics.
The highest fields are on the order of several TV/m and have a duration 7 ~ 500 fs, com-
parable to the laser pulse duration. The lower charge states, however, which only see fields
of ~ 10 GV/m, are accelerated on a time scale of > 10 ps. This requires a mechanism that
maintains the high electron temperature after the source (i.e. the laser pulse) has shut off.
One possibility are oscillating or recirculating electrons, which undulate around the positive
ion distribution.

Our measurements show that the accelerated ion beam is of high quality, showing a small
divergence (<15°) and source size (~ 100 um). The transverse temperature of the beam
is very low, allowing imaging on a sub-micron scale. Furthermore the ion pulse is initially
short, i.e. of the same duration as the laser pulse, and carries a current of several MA. These
characteristics cannot be obtained by any conventional accelerator and open the door for a
multitude of potential applications, among them proton imaging, ion fast ignition and ion
fusion drivers, advanced accelerator concepts and tools for fundamental physics studies, e.g.

on transport and stopping of high current beams and isochoric heating of matter.
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Chapter 1
Introduction

1.1 Motivation

When investigating laser-induced ion acceleration the first question has to be what
happens when light of high intensity comes into contact with matter? The light wave
couples to the electrons of the target, which start to oscillate in the electromagnetic
field. Already at relatively moderate intensities (10'2W/cm?) enough energy is trans-
ferred to ionize the surface layer of the target. The matter heats up and a plasma
evolves and expands. The main part of the laser pulse now interacts with the plasma.
The plasma is heated and modified and at the same time modifies the incident light.
Very generally spoken, light energy is converted into particle motion, which means in
most cases unordered motion, i.e. temperature. Under the internal pressure of this
temperature the plasma will expand further which results in the acceleration of the
plasma ions. These acceleration mechanisms have been studied almost as long as high
energy pulse lasers exist. However while lasers with pulse energies in the hundreds of
Joules and even kilojoule range exist for many years, the pulse durations achievable
with these systems used to be in the nanosecond range. Consequently experiments with
these Nd:glass and CO, lasers [2, 3, 4, 5, 6] where performed at intensities between
10" and 10%W/em? and the typical ion energies were in the keV or later 100-keV
range. And due to the origin of the acceleration in unordered motion, the resulting ion
acceleration is also unordered and the ions are emitted in a large cone (> 45°) against
the laser direction and exhibit high transverse temperatures. Due to their poor beam
characteristics, these ions could never be put to any further use.

With the advent of Chirped-Pulse-Amplification (CPA) [7] a new aspect came into
play. Achievable intensities jumped by mauy orders of magnitude to up to and beyond
102" W/cm?. Intensities like this and the corresponding fields had never before been
accessible within a laboratory. It turned out that at intensities beyond ~ 10'¥W/cm? a

fundamental threshold is crossed, and the laser-plasma interaction becomes relativistic.
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More specific the quiver velocity of the electrons in the electromagnetic field of the
lasers approaches the speed of light in a single oscillation period. As a consequence
the magnetic component of the field is no longer negligible and the electron mass
increases. The changes in single-particle interaction lead to collective effects in the

plasma allowing a conversion of light energy into ordered motion.

The most intriguing possibility of this development is the acceleration of charged parti-
cles along very short distances (typically hundreds of microns) into well directed dense
bunches with energies up to tens of MeVs. Using ultrahigh-intensity lasers electrons
with energies up to 200 MeV have been demonstrated [8] and protons have been acceler-
ated to ~ 60 MeV [9]. This work now demonstrates for the first time the acceleration of
heavier ions by short pulse lasers to equivalently high energies, specifically accelerating

fluorine ions to energies up to 100 MeV.

Describing these acceleration processes and indeed the interaction of ultra-high inten-
sity laser pulses with matter is still work in progress, both theoretically and experi-

mentally.

Although on a microscopic scale, the problem in principal reduces to the Maxwell
equations and the relativistic equations of motion for the involved particles, it is not
easy to extrapolate to the macroscopic scale of an experiment. Modern computer
simulation codes try this approach very successfully for a limited problem, but even the
biggest massively parallel computers have not enough computing power to simulate a 3-
dimensional all-particle description of a dense plasma in a sufficiently large simulation
area. Therefore, severe restrictions and simplifications must be made which require
a profound pre-understanding of the effects involved. The other way is an analytic
description of the plasma as a collective entity analogous to classic plasma physics,

which yields tendencies, functional dependencies, and model pictures.

The basic model picture for the ion acceleration mechanism is easily sketched and
explained in more detail in Chapter 2. The high-intensity electromagnetic fields in
the laser focus accelerate electrons by various collective mechanisms to relativistic
energies. In contrast to non-relativistic laser-plasma interaction, this acceleration can
be directed. The displacement of a large number of electrons leads to the build up of
space charge fields of the same order of magnitude than the laser fields. In contrast
to the quickly oscillating laser fields (T~ 3 fs) these space charge fields are stable on
a time scale of up to picoseconds, which can be even longer than the total laser pulse
duration. These ”quasistatic” space charge fields can now accelerate ions which are

too inert to follow the fast changing laser fields.

As simple as this model picture as complex are the details and dynamics of the acceler-

ation process. They, and with them a way to control them, are largely not understood
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yet and the topic of current research. Up to now neither an analytical model nor a
computer simulation could be produced that describes the entire process. However,
by the virtue of a number of ongoing experiments more pieces of the puzzle are found
continually, such as this work was able to shed light in the topics of effectively selecting

the ion species as well as the ionization and acceleration dynamics.

1.2 Thesis Structure

The thesis is divided into three major parts. The first part consists of Chapter 2 and
Chapter 3 and explains the basic theoretical concepts. Chapter 2 explains the physics
of laser acceleration, while Chapter 3 deals with the different ionization mechanisms.

The topic of the second part is the technical aspect of this work. Chapter 4 describes
the laser system, the experimental setup, and the different diagnostics. Chapter 5
explains in detail Thomson parabola -spectrometers which formed the main diagnostics,
the detector physics and working principles of the CR-39 Solid State Nuclear Track
Detectors (SSNTD) and the automated scanning microscope system used to analyze
the CR-39.

The third and main part is dedicated to the experimental results of the thesis. Chap-
ter 6 gives an introduction to the proton measurements and contains measurements on
general beam parameters like divergence and source size. In Chapter 7 the results on
carbon and fluorine ion acceleration are presented and the ion beam parameters are
analyzed and compared to the proton measurements. Chapter 8 then carries on from
there and uses the obtained data to illuminate the underlying physics. Information
on recombination and ionization processes, the field dynamics and the acceleration
mechanism is extracted from the data and further analyzed by means of kinetic and
Particle-In-Cell computer simulations. Chapter 9 finally discusses future perspectives
of laser accelerated ions both with respect to fundamental science and applications and
tries to give a scaling of the effects to the new bigger laser systems currently under

construction.

1.3 Nature of the experiments

In contrast to the table-top ATLAS system at the MPQ the high-energy lasers used
within the scope of this work are fairly large facilities which are operated very much
like large scale accelerators. That means that each user gets only a limited amount
of beamtime and due to the low repetition rates of large high energy glass lasers the

actual number of shots for an experiment is even more limited. Also the beamtime
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is not scheduled to one user but to a group of users meaning that usually a number
of different experiments are carried out at one beamtime which further decreases the

number of laser shots available to a specific task.

The experiments described in this thesis were mainly part of a larger experimental
campaign at the Laboratoire pour I'Utilisation des Lasers Intense (LULI) 100 TW
Laser at the Ecole Polytechnique, Palaiseau, France. Our group cousisted of J. Fuchs,
P. Audebert and J.C. Gauthier from LULI, M. Roth, A. Blacevic, M. Geissel and E.
Brambrink from GSI/TU Darmstadt, M. Allen and T. Cowan from General Atomics,
San Diego and S. Karsch and myself from MPQ/LMU Munich.

The campaign consisted of four beamtimes of two weeks each and its aim was to
investigate particle acceleration from thin foils by ultrahigh-intensity lasers. Within
these campaigns especially measurements of the accelerated protons and their beam
properties, i.e. yield, divergence, emittance, spectrum, etc. were performed. We also
studied the dependence of the proton beam parameters on laser and target properties,
such as laser energy, prepulse, target materiel, thickness, or surface quality. Moreover,
the possibilities of neutron production by d(d,n)*He fusion and (p,n)-reactions using

laser accelerated deuterons and protons have been investigated.

The primary part of these experimental campaigns that this thesis deals with is the
acceleration and subsequent characterization of ions with Z >1. Can these heavier
ions be accelerated efficiently by ultrahigh-intensity lasers and what targets are suited
best for that task? Moreover, what can be learned from the measured spectral and
charge state distributions concerning the ionization and acceleration mechanism? In
contrast to the protons the heavier ions exist in a multitude of charge states which
have all different sensitivities towards the ionizing and accelerating mechanisms and
thus inherently contain much more information regarding these physical processes than

the proton signal.

An additional campaign was run recently at the new Trident Shortpulse Laser at the Los
Alamos National Laboratory in cooperation with J. Cobble, S. Letzring, R. Johnson
and J. Fernandez. The primary aim of this campaign was to commission the new
laser facility and to validate its abilities for particle acceleration. Though the number
of shots was very limited and no dedicated heavy ion targets could be shot due to
lack of time and difficulties with the target insertion mechanism, the main goal of the
campaign was met and sonie of the results on beam parameters presented in Chapter 6
were obtained at the Trident facility.

This thesis mainly describes the results of the ion acceleration experiments, however,

to draw an as complete and conclusive picture of the underlying physics as presently

Possible, the results of the other experiments will frequently be used to complement the
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ion measurements. For a detailed description the reader is referred to the respective

publications as given in the text and the addendum, in particular the PhD-theses of
M. Allen and S. Karsch [10, 11].




Chapter 2

High-Intensity Laser — Matter
Interaction and Laser-induced Ion

Acceleration

In laser-matter interactions plasma creation already starts at very moderate intensities
of I ~ 102 W/cm?. When a high-intensity laser pulse hits any target, already the
onset of the pulse many orders of magnitude below peak intensity is strong enough to
ionize the target atoms and start plasma creation. Therefore, all kind of matter will
thus always be in the plasma state when it interacts with the main part of ultrahigh-
intensity laser pulse. While laser-matter interaction has been treated thoroughly in
the past, new effects come into play when ultra-short laser pulses are involved.

In the case of ultrashort and ultra-intense laser pulses the energy is deposited into a
much smaller spatial area because the diffusion and equipartition processes happen on
time scales much longer than the laser pulse. Furthermore the relativistic nature of the
interaction changes the mechanism of laser coupling to single particles, which leads on
the whole to collective motion and to the creation of large quasistatic fields. Another
point is that the plasma is not only created and heated but also strongly modified in
its properties when an ultra-intense laser pulse is present. The ion acceleration in the
wake of such a laser-plasma interaction, at least for the high energetic ions which are
the topic of this thesis, is not caused by the well-known expansion processes but takes
place on much shorter time-scales. More important, charge neutrality is not maintained
in the acceleration phase but on the contrary the acceleration is caused by a quasistatic
field set up by charge separation.

In spite of these major differences all ion acceleration schemes have one thing in com-
mon. The ions are not accelerated by the laser itself but the interaction is mediated by

the plasma electrons. To understand the different acceleration schemes it is therefore
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important to understand the laser-electron interaction. The following section therefore
discusses the laser-plasma interaction, starting with a single free electron before going
over to a full plasma. The second section then discusses the different ion acceleration
mechanisms possible with short-pulse lasers and compares those to the well-known

long-pulse case.

2.1 The interaction of an ultrahigh-intensity laser

pulse with a plasma

When a high-intensity laser pulse interacts with a plasma at intensities beyond ~ 1018
W/cin? one enters a relativistic regime. While on the one hand the laser acts upon
the plasma, simultaneously the plasma acts on the laser pulse, too. This interaction
gives rise to several new effects which could not be observed before in conventional laser
plasma interaction. But before discussing those collective plasma effects the interaction
of a single charged particle with ultra-intense light is reviewed.

2.1.1 Interaction of ultra-intense light and a single electron

When light interacts with a charged particle, this particle moves in the electromagnetic
field of the light wave. In SI units and in vacuum (with the relative permittivity and
permeability €, = j, = 0) and in the slowly varying envelope approximation (SVEA),
a linearly polarized light field is given as

B(F,t) = Bo(F, 1)t (Wt — k2)

(2-1) L (Wt — k E
B(F,t) = By(Ft) &, & WE—k2) iy By = 20
C

3

where ¢; and €, are normal and normalized vectors, both normal to the propagation
direction €7, and ¢ is the speed of light. The corresponding intensity is defined as the

energy flux density averaged over the fast oscillations

—

S

(2.2) I(F,t) = < p

€0C .
> = _g' IEO(Tvt)IQ )

and is usually given in [W/cm?]. Here € is the permittivity and j the permeability of
free space. The force exerted on a charge Ze moving with a velocity 5 = ¥/c is given
by the Lorentz-law

—

(2.3) gzﬁ#ﬁ):ze (E+cfxB)=ze(B+fx (exE)),
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where m is the particle mass and the usual relativistic .

The second term in (2.3) is negligible for non-relativistic particles with # < 1. Their
motion is described by a harmonic oscillation in the electric field with a maximum
amplitude and velocity in the order of

~ |Z€| EO

(2.4) Sp =~ and || 7 —— .

m w? m w
As one can see the motion of an ion is by far weaker than than that of an electron due
to the ions higher mass m;. Therefore, in the following the ions are assumed to be at

rest.
A convenient quantity frequently used in relativistic laser plasma physics is the dimen-

sionless light amplitude

E
(2.5) ap = ——°

- )
WMeC

where m, denotes the electron mass. One can then rewrite the field equations

2TMeC? a

Ey= — = 3.2x 10V

0= G0 NP X /m

2mmec ag 7

By = = 1.07 x 10° T

25 0= W0TN A [pm] 8
I = ag2ce () = 900 g7 108 W /cm®
= ag” 2€pC = . C .
o e A2 [pum?]

Describing the electron motion (2.4) in terms of the dimensionless light amplitude ag

one obtains
(2 7) —>\ d |17|
. So X @ an = agC .
0 02 0

A relativistic description of the periodic electron motion becomes necessary when ag
approaches unity. At a laser wavelength A & 1 um, this is the case at intensities around
1018 W/ cm?, a threshold crossed by orders of magnitude with last-generation high-
intensity lasers. By crossing this threshold one reaches the new regime of relativistic

laser-matter interaction, where particle dynamics change due to several phenomena:

e mass increase: When an electron approaches the speed of light in every oscil-

lation, its (average) mass increases.

e anharmonic motion: The electron oscillation in the electric field is no longer

Liarmonic, but the relation (2.7) for the maximum transverse oscillation amplitude

s remains valid.
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Figure 2.1: Electron trajectories in a strong laser field: (a) laser pulse of duration Ar = 20 fs,
amplitude ap = 2.5 (I = 1.3 x 10" W/cm? at A\ = 800nm), and large lateral beam size; (b)
same laser pulse, but in a tight focus (diameter dpwpy = 3um, the laser lateral intensity
profile is also shown). An electron, initially at rest at a distance of g = 0.5 pm from the laser

axis, is ejected under an angle of § ~ 52° to the axis with an energy of Ey;, = 0.64 MeV.

e forward drift: The ¥ x B term in the Lorentz force (2.3) is no longer negligible

if §~ 1, which results in more complex particle trajectories (see Fig. 2.1(a)).

The relativistic particle motion is described by a figure-of-8 shape in the frame of the
average drift, as shown below. This average drift is caused by the magnetic field in
combination with the electric field induced by transverse velocity. This drift is always

directed in the light propagation direction with a velocity

a02

4+(L02

—

ce, .

(2.8) Up =

It has to be noted, that in spite of the high average kinetic energy during the light
pulse, the electron does not gain net energy by this process.

Up to now all considerations have been made for an electron in an infinitely extended
plane wave. However, when the light is focused, a transverse intensity profile comes
into play. The major effect of this transverse profile is, that an electron which is driven
out of the focus in one half-cycle by the very high fields in the immediate focal region,
feels a very much weaker force in the second half-cycle. It is therefore not as hard
drawn back as it was pushed out and will eventually leave the focal region as shown
in Fig, 2.1 (b). Thereby it will now effectively gain energy. For a realistic laser pulse
with finite dimensions this constitutes an effective acceleration mechanism that allows
electrons to be accelerated by the light wave.

HOWever, this simple explanation, which is worked out numerically and analytically for

e — 1
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the relativistic case in [12], predicts electron ejection in the plane of polarization, while
experimental evidence shows that electrons leaving the focus have an azimuthally sym-
metric distribution, even in the case of linearly polarized laser light. This discrepancy
is due to the fact that the above explanation neglects that a spatially confined light
field always has non-zero field components in the propagation direction [13, 14] to fulfill
the Poissons equation. Usually these components are fairly small but for ultra-high
intensities they become big enough to play a role. If one takes into account those
terms (see e.g. [15, 16]) the electron trajectories in these modified fields are complex
3-dimensional patterns (see Fig. 2.2) and the electron ejection is radially symmetric,
independent of the laser polarization direction. To get a first understanding without
having to deal with the full 3-dimensional trajectory it is useful to consider the elec-
trons final state. The final energy of the electron depends on its escape angle ¢ with
the laser axis, (see Fig. 2.1(b)). For an electron initially at rest,
(2.9) cos ! ~ r-!

v+1
is a good approximation for y < 3 and gives a lower estimate of 6 for larger v [16]. The
exact relativistic solution can be found in [16] and describes the acceleration in terms

of a so-called ponderomotive force:

a1 :
210 (F) = g Vel

where 7 is the local relativistic y-factor averaged over an oscillation period, e the elec-
tron charge and A is the transverse component of the 4-vector of the electromagnetic
potential (A = (e®, A).

2.1.2 Interaction of an ultra-intense laser pulse with a plasma

Considering now the interaction of the laser pulse with a whole ensemble of charged
particles instead of a single electron new collective effects come into play. Furthermore
does not only act the laser on the plasma but also the plasma on the laser pulse, which
of course immediately affects the way the laser acts on the plasma and so on. The

interaction becomes recursive. The three most important effects are
e laser induced transparency
e relativistic self-focussing

e profile steepening at the pulse front
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Figure 2.2: 3-dimensional trajectory of an electron accelerated and ejected by a high in-
tensity laser pulse (ag = 0.3, Tpyse = 200 fs). The calculations take into account the field

components in laser direction arising from the focussing [16].

To understand these effects one has to bear in mind that the properties of a plasma
are largely governed by its free electrons. Key quantities are the electron density n,
and the electron plasma frequency

e? n,

(2.11) Wy = || —= ,
€Y Me

which is the resonance frequency of collective electron density oscillations against the
ton background. With respect to laser frequency wy, a plasma is called overdense (or
overcritical) when w, > wy,. In this case, the collective electron motion is strong enough
to cancel the light propagation. When the electron density n. is below the so-called
critical density

(2.12) _ WLy me
c 62
(for example, n. &~ 10*' em™3 for A = 1 um), the plasma is underdense with w, < wy,

and light can propagate with phase and group velocities

2
c

(2.13) vp=— and v;=cn,, with n, = {/1— <—> )

Ny '

where n, is the refractive index of the plasma. For light intensity high enough to cross
to the relativistic regime, i.e. ¥ > 1, the plasma frequency gets smaller and the
Critical density moves to larger values. That means that the plasma at the place of

the former critical density becomes transparent for the laser pulse and the pulse can
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Figure 2.3: Effects of relativistic non-linear optics: (a) Laser Induced Transparency:
High intensities producing v > 1 reduce the plasma frequency wp. The plasma becomes
transparent at its former plasma frequency. (b) Relativistic Self-focussing: A pulse with
a transverse intensity profile increases the refractive index of the plasma strongly along its
propagation axis, but not as much in the fringe region. The plasma acts as a positive lens.
(c) profile steepening: The central pulse regions with higher intensities move with larger

group velocity v = npc than the head of the pulse, the profile steepens.

propagate to the new critical density, where the same effect happens all over again
until the laser pulse looses too much energy and the intensity falls below the critical
value. This effect is called laser induced transparency (see Fig. 2.3 (a)).

At ultra-high intensities the electrons also gain mass due to their relativistic motion
(17, 18]:

(2.14) yr1+ag? /2,

and they are pushed out of the region of high light intensities by the ponderomotive

force. In a plasma, this leads to an effective charge separation, since the ions remain
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initially stationary, and thus to the creation of a quasistatic radial space charge field.
These space charge fields reduce the electron acceleration compared to a free particle
in vacuum, where v = 1 4+ a2/2, but as we will see below still huge energies are
achieved. Electron depletion on the laser axis may continue up to the point where
the created space charge distribution cancels the ponderomotive force. The electron

density reduction on axis can be self-consistently estimated [19]

2 2
(2.15) An z( s ) %o

Ne Wyt 1+ ag2/2 !

(with the Gaussian focus width wg), and can lead to a total depletion when the laser
amplitude ag is sufficiently high.

Both of these effects again significantly decrease the plasma frequency w, (2.11) on
the axis of laser propagation. From (2.13) it follows that the refractive index increases
with decreasing w,. This leads to the build-up of a spatial refractive index profile
results with a maximum on axis, which acts analogous to a positive lens, focussing the
laser pulse (and thereby increasing its intensity even further). This effect is known as
relativistic self-focusing and is schematically shown in Fig. 2.3 (b).

Profile steepening is caused by the finite temporal extension of the pulse. The central
regions of the pulse with higher peak intensities move with larger group velocities as
seen in (2.13) and Fig. 2.3 (c¢). Thus they catch up with the pulse front where the

intensities and therefore the group velocity is lower and the pulse profile steepens.

2.2 Electron acceleration by laser - plasma interac-

tions

The effects described above can now in turn give rise to various modes of electron
acceleration, depending on the exact laser and plasma parameters. Very high electron
energies on the order of many tens and recently even hundreds of MeV have been real-
ized in strongly underdense plasmas using wakefield-acceleration [20] or in higher but
still underdense plasmas using Direct Laser Acceleration [21]. In dense and overdense
Plasmas ponderomotive acceleration is the most important mechanism. The electrons
are not as well collimated and have lower (but still relativistic) energies but the num-
ber of accelerated electrons is about two to three orders of magnitude higher. Since
electrons are the mediator between the laser pulse and the ions that shall ultimately
be accelerated in this work, their acceleration plays a crucial role. The following para-
graphs give a brief overview over the different acceleration mechanisms, ordered by

increasi e . . .
Creasing plasma densities and importance for the ion acceleration process.
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2.2.1 Laser-Wakefield-Acceleration

Laser-Wakefield acceleration (LWA) [22] works best in very underdense plasmas
of n, ~ 10'® cm™?. In this mechanism an ultra-high intensity pulse creates a plasma
' wave in its wake as it propagates through the medium. Due to its ponderomotive
potential it expells electrons creating a density disturbance. This plasma wave or
»wake” follows the pulse at almost the speed of light. Electrons can get trapped in
this wake and ”surf’ the wave gaining very high energies. Recently 160 MeV electrons

were reported by Malka et al. [8] from laser interaction with an underdense plasma at

an intensity I < 108W/em?.

2.2.2 Direct Laser Acceleration

When the plasma density is increased on enters the regime of Direct Laser Accel-
eration (DLA) [23]. At densities ne ~ 10%0 cm~3 strong relativistic self-focussing
is a dominating effect and leads to the formation of a so-called "superchannel” [21].
The ponderomotive force drives a strong electron current within the channel which
in turn induces a radial electric field and an azimuthal magnetic field. All the time
electrons which are ponderomotively expelled from the channel are bent back in by the
quasistatic fields. If the electrons have the right timing with respect to the phase of
the laser pulse they can gain net energy on each pass. Energies of several tens of MeV
can be achieved by this method but it still requires an underdense plasma of rather

large scale length (~ 100 pm) to give enough room for the channel formation.

2.9.3 Ponderomotive acceleration in an ultra-strong laser field

The most important mechanism with respect to ion acceleration is ponderomotive
acceleration (PA). The ion experiments discussed in this thesis were all carried out
with solid state targets, which means that the main laser plasma interaction takes
place in a dense to overdense plasma, namely exactly at the critical density surface.
Under these conditions ponderomotive acceleration is the most effective mechanism
even when onsets of channel-formation and subsequent DLA or LWA in the underdense
preplasma might add a superhot tail to the electron spectrum. As an example the
following paragraph reviews the ponderomotive effects caused by a ultrahigh-intensity
laser -pulse of ~ 102" W/em?[5 x 10" W/ cm?] which represents the highest possible
intensity today and in brackets ] a typical intensity for our experiments. The intensities

correspond to a local field strengths Elgser Of

21
(2.16) Flaser = 4] — =~ 10" [2 x 107°] V/m,
€oC
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11? the focal region, with I being the intensity in W/m?. Using (2.5) we obtain for the
dimensionless light amplitude a value of ag ~ 30 [6.3]. The laser-plasma interaction
becomes relativistic at a value of @ ~ 1, so we have to consider the relativistic factor
v:

(2.17) §=—\/—; 1/1+(7<:’32:\/1+a;.

1
1- &)
Substituting ag yields v ~ 21 [4.5].

T.he f:lectrons react on the ponderomotive potential and are pushed away from the
high-intensity region. Thereby the potential energy ® pyng is converted into kinetic
energy Wii,. The ponderomotive potential can be estimated as

2
(218)  Ppong = Whin = mec® (7 — 1) = mec? (1/1 + % - 1) ~ 10 MeV [2 MeV] .

Thereby charges are separated and space charge fields are generated, but the electron
depletion in the focus will continue until the ponderomotive potential is cancelled
by the space charges. The accelerated electrons show a quasi-maxwellian distribution

with a temperature kgT = ®p,,. For a more detailed and rigorous treating of electron
behavior in laser fields see e.g. [24, 25].

2.3 Mechanisms for Laser-driven Ion Acceleration

The idea of ion acceleration with lasers has been around almost as long as the first laser
itself. Experiments started already in the early seventies and succeeded in ionizing and
accelerating ions to at first very moderate sub-keV energies. With the progressing laser
.technology high energy pulse lasers became available delivering ns-pulses and reaching
lon energies in the 100keV /nucleon range ([26] and ref. therein). With the recent step
to sub-ps high-energy lasers intensities of more than 10%' W/cm?and MeV-ion energies
are possible. What mechanism is responsible for those vastly higher ion energies?
Traditional long-pulse laser system with pulse durations in the ns-range create a plasma
at quasi-equilibrium. It can react fast enough to adapt to the slowly varying laser
pulse shape. Plasma expansion, heat transport and the dissipation and equipartition
of .energy play important roles in describing this situation. Ton acceleration is primarily
driven by the pressure gradient in the hot plasma and the surrounding vacuum which
Cagses an quasineutral, isothermal expansion described by a self-similar solution [27].
With short pulse lasers these effects can largely be neglected with respect to the ob-
served high energy ions. Heat transfer and dissipation, shock waves and plasma expan-

sio ' ) '
n act on timescales much longer than the laser pulse duration and cannot explain the
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observed effects, especially since the key requirements for the long pulse acceleration

model, quasineutrality and isothermal conditions, are specifically not fullfilled as will

be shown below.

As was just demonstrated in the previous section modern short-pulse lasers create

enormous potentials, driving electrons to many MeV. But while the electrons experience

this huge ponderomotive potential, the ions because their larger inertia combined with

the short laser period (T ~ 2m/w ~ 3fs ) are not directly moved by those fields.

Their ponderomotive potential is negligible due to their much higher mass. If we
replace m, by the proton mass my in egs 2.5 and 2.18 we obtain a ponderomotive
potential ®pong ~56 keV for a laser intensity of 102! W/cmg. But the relativistic
effects always lead to ponderomotive electron expulsion, which will continue until the
space charge potential induced by the charge separation balances the ponderomotive
potential. The electron distribution remains quasi stationary for the duration of the
laser pulse. The ions now feel these space charge fields, whereas the counterbalancing
laser fields do not create a substantial ponderomotive potential for the ions, which
therefore will be accelerated in a quasistatic electric field as long as the laser fields
maintain the charge separation. The plasma is the key element of this acceleration
scenario. Whereas in vacuum laser-irradiated ions remain essentially at rest, the plasma
can store the laser energy and transfer it first to the electrons which than can hand
it on to the ions. The ions can thereby be accelerated to energies of the order of
the electron ponderomotive potential (2.18) and even above. The charge state and
energy distribution, directionality, emittance, etc. depend on the actual geometry and
parameters of the charge separation. Several different variations of this main theme
with different target and laser conditions have demonstrated to accelerate ions to high

energies and are briefly discussed below. Four different approaches have been reported

so far:

1. Tons in clusters are stripped to high charge states by intense laser radiation and

explode due to several mechanisms, e.g. (28, 29], leading to an isotropic ion

distribution.

9. In an underdense plasma, self-focusing and channel formation take place and
increase both the ponderomotive potential and the high-intensity interaction
length. Ions are ejected radially outwards from such a plasma channel in the

electron depletion space charge fields in kind of a radial Coulomb explosion, as

observed in several experiments (30, 31, 32].

3. When laser pulses are focused on solid surfaces, suprathermal lons are ejected

along the target normal, as observed in the 1980s already [26]. With today’s
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| . : o .
asers, this effect is enhanced, leading to huge numbers of multi-MeV protons

e?nd highly charged ions [33] with broad angular (typically 40°) and Boltzmann-
like energy distributions.

4. Collimated high-energy proton heams in laser direction are observed when fo-

c'ussmg ultrahigh-intensity laser pulses on thin foils targets (~ 50 pm) at inten-
sities of > 10! W/cm? [9].

2.3.1 Ion acceleration in gas targets

.ﬁ- . . . . .

methods employ gas nozzles to generate the interaction target for the laser pulse

Clusters: In cluster experiments the gas nozzle is set up in such a way that the
gas atoms (e.g. Deuterium) do not come out in a homogenous flow but form large
‘clusters of typically 10? — 10% atoms. When these clustered are irradiated by a higgh
intensity laser pulse, the atoms quasi instantaneously stripped to very high charge
states [34]. The coupling of laser energy into cluster electrons is extremely efﬁcieit
and leads to strong intra-cluster space charge fields which in turn ionize the Ich;ster
atoms and subsequently lead to a Coulomb explosion. The ions are accelerated by this
explosion to energies up and beyond 1MeV [29]. Relatively modest intensities even
below 10' W/cm? are sufficient to cause this result which makes it possible to use a
large focal spot and thereby have a great number of clusters in the interaction region
Several models have been developed to explain these findings (see review in [28]) Thé
hanoplasma model [35] predicts an optimum cluster size for a given pulse dure.jmtion
and experiments support this assumption [36, 28]. However it cannot explain all mea—’
Sure(.i ion spectra and seems to be inadequate to model the cluster expansion after
heating. Ditmire et al. [37] found e.g. for a 2500 atom Xe cluster that its spectrum is
reproduced by the self-similar solution of the ion fluid equations for an isotropic, radial
expansion for a Xe plasma with a mean charge of 20+ and an electron température
OTfhi-5S g::alls?ogiges.ting' thét th.e exp'ansion is driven largely by hydrodynamic pressure.

1 distribution is mainly spherical isotropic since it consists of a great
.llun?ber of point explosion centers. However a moderate anisotropy in the laser polar-
iiiz?:nillf:;:ll v;as report.ed. in [28]. This spatial characteristic does not make this
drectut 1;: ive as an 11’1?ector for afccelerators or similar applications requiring a
N . However by using Deuterium clusters the production of fusion neutrons

as been d \ icati
emonstrated and an application as neutron point source might seem feasible
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Plasma channel: In an underdense plasma produced in a gas jet or by substantial
prepulses on solid targets, relativistic self-focusing and subsequent channel formation
take place [38, 21, 24]. This channel provides a larger high-intensity interaction length
and electrons can be accelerated by various plasma mechanisms like 7 Self-modulated
Wake Field Acceleration” (SMWFA) or "Direct Laser Acceleration” (DLA) which fur-
ther depletes the electron density in the channel and increases the quasistatic potential
set up by the ponderomotive pressure. This potential will finally cause the channel to
undergo a radial Coulomb explosion in which ions are ejected radially outwards from
the plasma channel. This radial ion ejection was observed in a couple of experiments
which agree well with theoretical predictions from PIC-codes, which estimate for a
1.5-TW pulse in a 30 um scale length deuterium preplasma, ~ 4 X 1019 ion energies up
to 500 keV [30]. Sarkisov et al. [31] observed He-ions up to 500 keV with a 4-T'W laser,
and Krushelnick et al. [32], using laser intensities of up to 5 X 10"W/em?, measured

multi-MeV He-ions.

2.3.2 Ton acceleration from solid bulk targets

Ultra-high intensity laser interaction with solid target does almost never really happen.
FEven for a good intensity contrast ratio of typically 107 a couple of nanoseconds before
the main pulse, the focussed prepulse intensity from a main pulse of 10'? W/ cm?still ex-
ceeds 10'2 W/ecm? When laser pulses are focused on solid surfaces, ions are accelerated
to suprathermal velocities in the blow-off plasma at the front side. This effect has been
observed with CO, lasers in the 1980s already, with ion energies up to 2MeV /nucleon
[26]. Using modern ultrahigh-intensity lasers increases this effect drastically, and huge
numbers of multi-MeV protons and highly charged ions have been observed recently
[33], namely a few times 104 protons per sr with energies above 4 MeV, which was
sufficient for demonstrating the production of various radioactive isotopes in secondary
p, n-reactions [20]. The protons and ions produced in this way have a broad angular
distribution (typically about 45°) and their spectra exhibit rather complex substruc-
tures under a Boltzmann distribution [33]. Additionally ions are accelerated more or
less isotropic out of the focal region of the laser pulse where ponderomotive charge
separation occurs. Half of these ions strean off ahead of the blow-off plasma, while
the other half is accelerated into the bulk of the target where they are stopped. Those

ions have been measured using nuclear reactions like d(d,n)3He fusion [11].
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2.3.3 lon acceleration from thin foil targets

e most promising way for creati i i i
Th promising way for creating well-collimated high-energy ion beams has been
found in the interaction with thin foil targets: When focussing ultrahigh-intensity laser

pulses on thin foils high energetic proton beams are observed which exhibit new features
9, 39, 40}:

: 11 13 . o .

(i) 10" - 10 well collimated (<15°) protons with 5 to 60MeV are generated,
(ii) they come from the rear surface and move in laser direction,
(iii) they form a dense, charge-neutralized bunch of ~1ps duration,

(iv) up to 12% of the laser energy was converted to protons with energies £ > 10
MeV and up to 30% to energies > 2 MeV [9].

To explain these experimental observations, Hatchett introduced a mechanism called
target normal sheath acceleration (TNSA) in [41] which will be explained in detail
in the next paragraph. The TNSA-mechanism is the most widely accepted theory to
explain the observed high energetic proton acceleration from the backside of a thin foil.

It also forms the basis for understanding the ion acceleration observed in the scope of
this work.

Target Normal Sheath Acceleration: Target Normal Sheath Acceleration works
on the same principal as an ion diode: A cloud of relativistic electrons is expelled by
the enormous ponderomotive force of the laser penetrates the target and extends past
the rear surface, inducing an ultra-strong space charge field. This field is of the same
order of magnitude as the laser fields, i.e. TV/m. Atoms at this surface are ionized
and accelerated, but the energetic part of electrons will always leak further out into
Vz.wuum and nmaintain the accelerating gradient as long as the electron temperature is
high. At a conversion efficiency of 30 - 40 % [9] and typical temperatures in the order
of 2 MeV as (sce Sect. 2.2.3) the number of electrons created by a 30 J laser pulse is
roughly N, ~ 4 x 10", Only the most energetic electrons can escape into the vacuum
before the rest is trapped by the resulting Coulomb potential. The electrons penetrate
tijgijlie; Wit_h a wide angle of ~ 45°, as seen in bremsstrahlung data [41], exit the

et surface and are turned around. There is recent evidence from {42] and also
foln} this work [43], suggesting that the electrons are turned around again at the front
Surface and start oscillating, but this is not within the scope of this basic model and is

discusg .
i (t Il%ed later (see Chapter 8). At a cone angle of 45°the radius of the electron spot
al the t

arget rear surface is approximately equal to the target thickness d ~ 50 pm
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Figure 2.4: Ton acceleration from thin foil targets.

At a pulse duration of 7, ~ 300 fs the electron density at the back of the target can

then be estimated to be
N,

ctpmd

(2.19) Ne & ~ b x 10em ™.

The TNSA-model assumes the hot electrons to relax to Boltzmann equilibrium, i.e.

—ed
(2.20) N ~ exp (kTe’wt)

the target rear surface whose scale

i ’ ' i th at
This electron population will set up a shea
length Iy will be given by the Debye length of the hot electrons Ap. The Debye length

of a plasma is defined as the length needed to totally shield an internal electric field

[44]. We therefore obtain for the scalelength

EokBTe

(2.21) lo= A0 =[5

for the parameters used above this expressions evaluates to lp ~ 1.5 pum. This

combination of a high electron density and a relativistic temperature over an extremely
short scale length will establish a very strong ambipolar electric sheath field

E: I‘:If’}':.{lfil
(2.22) e
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Figure 2.5: Schematics of the TNSA-mechanism

Again substituting the values for our experimental conditions we can expect an accel-
erating Field E of roughly £ = 1.5 TV/m. This field is by far larger than the field
created by the initially escaping electrons for which the scale length is of the order of
the target thickness.

The new feature making this mechanism possible is that the hot electrons are created
basically in a delta-function pulse with respect to the plasma expansion time and
that the electron ranges are high enough to penetrate the target. Furthermore this
mechanism works only at the rear surface. The electron cloud lasts only for a finite
and very brief time. The accelerating field scales with the plasma scale length which
at the front side is on the order of 100 microns due to the plasma creation by the foot
of the laser pulse (prepulse). Therefore while the potential is basically the same at
the front and rear surface the fields at the front are substantially lower. This would
not matter if the life time of the field was arbitrarily long and the ions had time to
fall through the whole potential. Due to the finite duration of the hot electron pulse
however the potential changes and decreases by cooling effects before the front side
protons are able to reach high energies [45].

Once created the field will ionize and accelerate the protons on the surface. The ions
start moving outwards while the cold electron population is pushed back into the target
at lon densities lower than the hot electron density as shown in Fig. 2.5. Further out
the hot electron density will fall with the ion density maintaining a local quasineutrality
that is also observed in PIC-code simulations (see Chapter 9). According to the TNSA-
model quasineutrality is maintained until the local hot electron Debye length becomes
greater than the local ion scale length. There, an electron sheath is retained whose
charge is balanced by a positive charge sheet which forms where the cold electrons have
been excluded. Between the sheath and the positive charge sheet a region of roughly
constant E-field persists for a few times the laser pulse duration.

Ton acceleration: The TNSA-model was developed to explain the observed high

Proton energies and does not take into account other ions with multiple charge states.
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However this turns out to be important not only for the consideration of ion acceleration
but for the model as a whole. Because what happens as soon as multiple charge states
and masses are present, is that the ions with the highest charge-to-mass ratio will out-
accelerate the other ions and screen the accelerating fields for everything hehind them.
This effect is strong enough to positively inhibit the acceleration of all other ion species
as soon as protons are present. To accelerate heavier ions it was therefore important
to find a way to experiment with a proton free target. As is discussed in Chapter 7
that can not be achieved by simply choosing the right target material but requires a
dedicated cleaning procedure. The same screening effects of course hold true for every
other ion population as well leading to a field that is much less quasistatic and constant
than assumed in TNSA. While it is still quasistatic with respect to the laser frequency
it nevertheless displays a highly dynamic behavior, with the region of highest field
strength moving outwards in vacuum during the course of the acceleration, as we are
able to show by our data analysis presented in Chapter 8. Furthermore the field at the
target surface never reaches the maximum field strength since it is pinned at a value
defined by the field ionization value of the first charge state. The field ramps up to
that first ionization value. When now an additional fast electron joins the population
setting up the field the threshold is crossed and an atom is ionized. The freed electron
is pushed into the target by field, leaving the positive ion charge to balance the new
electron that caused the ionization. At the surface where there is an infinite supply of
ions the field can therefore never substantially exceed that first ionization threshold.
However, as soon as one moves outwards this condition does not hold anymore and the
field increases. As our simulations show this increase happens on very small spatial
and temporal scales (nm and fs), i.e. very small compared to relevant scales for TNSA.
Therefore these effects can be neglected in first order and the TNSA-model is well
suited to predict the limits of the acceleration process, i.e. the parameters responsible

for the high energies of the particles with the highes charge-to-mass ratio .

Front-surface Mechanism: Another mechanism was proposed by Maksimchuk in
[46] and Krushelnick in {39, 47] to explain the acceleration of high energetic protons
and deuterons from thin foils. This mechanism assumes acceleration on the target
front side by the space charge fields generated when hot electrons disappear from the
dense plasma into the solid material. In this mechanism the ions are pushed through the
target, much as the relativistic electrons in TNSA. Measurements of the ring structures
in the proton beam are explained by proton deflection by magnetic fields inside the
target. While there is no doubt that indeed both a front and a rear surface mechanism
exists there is an ongoing discussion which of the two is responsible for the really high

energies beyond ~ 10 MeV. Most experimental evidence suggests that it is the rear
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surface mechanism. It has e.g. been shown that the accelerated protons are influenced
by a structure on the rear surface hut not by one very close behind it. Also simulations
(48] show that the ion population from the front shows much lower energies (< 5 MeV)
and are less collimated. The presented work shows by demonstrating ion acceleration
out of well defined source layers on the rear surface that an effective rear surface

mechanism exists that produces well collimated high energy ion beams.

2.3.4 Ion acceleration by long-pulse lasers

For completeness and better distinction the traditional laser ion acceleration mech-
anism is briefly summarized. For over 25 years now, energetic protons and heavier
ions have been generated by focusing ~ns-pulses from large CO, and Nd:glass lasers
on solid targets at intensities of 10" — 10'°W /cm?. The accelerated ions showed a;
very broad distribution in energy as well as a large emittance and could therefore not
be put to any further use. In those experiments one focusses a high-energy ns-pulse
on a target, e.g. a foil, bulk material or glass micro-balloon targets for fusion stud-
ies. Thereby a hot coronal plasma is created, which expands into the vacuum. The

expansion proceeds radially outward in an isothermal, self-similar fashion
(2.23) Nion ~ €Xp (—1/cst)

with ions being fed into the expanding corona by a rarefaction wave propagating at
the sound speed, ¢, into the bulk plasma. The ions are accelerated by the electric field

present in the quasi-neutral expanding plasma,

k Em_t 8”2’071
e or

(2.24) E ~ —

Wlllere 7 is the distance from the laser focus center. In these experiments jons, mostly
originating from the target front, moved against the laser direction and showed a very
large dispersion (~90°). Typical energies were ~ 100 keV /nucleon for sub-kJ lasers
.and up to 2MeV for protous from kJ-systems. Ion acceleration from the rear surface
I laser direction was a minor effect only. Begay et al. [5] reported ion acceleration
from the rear surface in laser direction from wire targets, but the signal vanished
almost completely when the contaminating hydrocarbons were removed. In another
TXperlment on the Asterix iodine laser at MPQ' Tsakiris et al. [4] observed ions in

aser directi - ; ;
er direction from thin foil targets but only for foil thicknesses beyond a few pm
3

lLe. ilis thi
the foil is thin enough that the whole foil is heated at once and the expansion can
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proceed spherically in all directions. When using thicker foils on the other hand the
atill cold bulk of the foil hinders the expansion in that directions and the ions are not
energetic enough to penetrate the foil.

The main difference to present experiments lies in the timescales. In ns-laser experi-
ments the acceleration occurs simultancously with the laser-plasma interaction. Both
processes are necessarily coupled meaning that the stochastic and chaotic plasma be-

havior imprints itself on the ion signal. Using short-pulse lasers, it appears that ion

FHUM A (LPgl, rLaoma

acceleration can be largely decoupled from the details of the laser-plasma interactions T e e S SR
at the front of the target over a broad range of conditions. Though of course at later
times a isothermal expansion occurs, the conditions at the ion front are not isothermal - o 10" StotshlosH 0261350837 AlCI{5Dlalim); hegted
and quasineutral and therefore the self-similar model (e.g. [49]) cannot be applied [R———
to explain the high ion energies. The same is true for the charge state distribution. : > _222232
In long-pulse laser interactions the atoms are ionized due to target heating, i.e. col- :: g 10° — gii:?::?
lisionally, and the temperature is maintained over a long time, leading to an almost Elo’-— | = C*; £ =4e9
complete ionization in the highest charge state (e.g. COF). The measured charge state s ‘§ .
distribution is than created by recombination processes and consequently all charge g g 10
states show the same cutoff energy, as can be seen in Fig. 2.6.
10 . _
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FIG. 1. (a) The energy distributions of ioni i
_ nic species from a polyethylene
plasma and (b) the corresponding velocity distributions of the carbo)r,| ions.

igure 2.6: Comparison of charge state distributions for laser accelerated ions from long-
| pllilse experiments (left) [3] and short-pulse experiments (right) [43]: In the long-pulse case
| all carbon charge states have the same cutoff velocity, suggesting collisional ionization to

the highest charge state followed by recombination after the acceleration process. In the

— i . .

fIOrt. pulse case the cutoff energy increases with charge state suggesting field ionization and
'1eezmg of the charge state distribution by rapid expansion. The expansion velocity of the
lon front is a factor 5 faster than in the long pulse case.




Chapter 3

Ionization Mechanisms and

Recombination at the target

rear-surface

The topic of this work is the acceleration of ions by means of laser pulses. But the
laser is fired not at a plasma of ionized atoms but at a solid target, so an important
question in understanding the complete process is "How are the ions created in the first
place?”. Which ionization mechanisms play a role and in how far is the time integrated
charge state distribution measured in the spectrometer representative for the charge
state distribution during the acceleration stage.

Therefore this chapter looks at the basic ionization and recombination processes which
might play a role at the experimental conditions present in our experiment. The
important ionization processes are "PField lonization by Barrier Suppression” (FIBS)
and ” Collisional Ionization” (CI) by the ambient electron populations. Another process
to bear in mind is recombination and charge exchange of ions on their way to the
spectrometer, to be able to judge in how far the measured charge state distributions
may have changed since their respective birth. The contributions of all three processes

are analyzed by analytical estimates as well as by using a numerical model, the FLY-

code.

3.1 Direct Ionization of rear surface atoms by the
Laser Pulse

One possible source of ionization is of course the laser pulse itself. The fields in the focal

region reach many times the strength necessary to ionize the target atoms. However,

2
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w1t,.h regard to the ion signal the region of interest is the rear surface of the target
W‘hlle the laser is interacting with the front surface. By employing an interferometri(:
diagnostic described in Sect. 4.2.1, we can directly observe the laser interaction and the
plasma conditions on both sides of the target. The target’s thickness in the experimeng
was chosen such that the laser pulse is completely absorbed in the preplasma and
prevents shock-breakout until well after the interaction time ( 10ns). |

We can therefore rule out ionization by the laser pulse or by a shock front, which leaves
us with field ionization by the strong quasistatic fields and collisional ionization due to

the ambient s possible ionizati
ambient electrons as possible ionization sources. These mechanisims are discussed
in the following paragraphs.

3.2 Field Ionization by Barrier Suppression by ultra

strong Electric Fields

As was shown in Chapter 2, the electric fields in the laser focus are by far stronger
than the atomic field in a hydrogen atom. Furthermore, the fields on the backside of
the target predicted by the TNSA-model are of the same order of magnitude. The fact
that TV/m fields, capable of field ionization, are present has been shown in severe;l
publications in the last years experimentally [50, 51, 52], with simulations [45, 48] and
analytical estimates [41, 53, 54]. Given the laser parameters, electron acceler’ation by
ponderemotive force as well as plasma acceleration mechanisms yield typical values
of kT, ~ 2MeV and n. ~ 10cm 3. The maximum amplitude of the resulting
electric fields can be easily estimated from that charge distribution e.g. by the TNSA
.equation or in more detail by solving Poisson’s equation for different tinme steps as
m our 1D-kinetic model described in Chapter 8. The results from the 1D-PIC-code
pre'sented in the sanme chapter even include electric fields within the target, especially
at interfaces. The duration of the maximal field at the rear surface is on tile order of
the ‘laser pulse length, i.e. as long as hot electrons are supplied. In order to describe
the ionization by a strong external field, a number of models has been developed in the
lt)lijst}.)hi(;:(?ver, a,ll these models assum? fields of approximately the same strength as
- g atomic field of the electron in question, while the fields in our experiments
;;Ct(l)ll(l)zetilzv(violorders of magnitude strong‘er. That means that the predictions made
b Contriel S tC:ompose a ve.ry 'couiservatlve estimation and a lower threshold, while
Different, u 104118 of 'ﬁelnd 1o.nlzatlf)n may be considerably higher.
- (16801‘11)1;11:1:11186%; Iizli ;;)Elizl?tsl:i) 1elx~1st, h?fving jtheir origin in the (Iiifferent possibilities
0 g external fields. The most direct way to do this

lie§ i i
S 11 solv ime-depe odinge i e
mg the tim -d P ndent SChl‘Oleg T qulﬂtl()ll numerically, as done by Bauer
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and described in [55]. This method as well as the »Density-Functional Theory” [56, 57]
and the ”time-dependent Hartree-Fock theory” [58] require a large numerical effort.
A different approach was chosen by Keldysh [59], Faisal [60] and Reiss [61], who de-
scribe the amplitude of the transition probability of the original Coulomb-state in a
Volkov-state [62]. From this model as well as from the quantum mechanical model
from Ammosov, Delone, and Krainov (ADK-model) [63], and the classical model from
Posthumus [64], analytical rate equations can be obtained. In the following these rate
equations are used to get an estimation of the contribution of field ionization in our
experiments. Furthermore, the results are compared to the much more detailed nu-
merical solutions obtained by Bauer [55] and found to be in good agreement for our
parameters.

As an example the two models used by the codes presented in later chapters are de-
scribed in more detail. This is first the Barrier Suppression lonization (BSI) model

which is used in our 1D-kinetic code and then the ADK-model which is used to get an

analytical estimate and also in the 1D-P1C code by Pfund and Kemp [65] which was

used to model different subsets of the interaction process (see Chapter 8).

3.2.1 FIBS-Model

Field Tonization by Barrier Suppression (FIBS) is the most simple model to be consid-
ered. The basic idea is that an external electric field deforms the Coulomb potential of
the atom as shown in Fig. 3.1. As soon as the external field exceeds a certain threshold,
defined by the binding energy of the electron, the barrier is lowered below the electron
state and this electron finds itself in the continuum and is thus instantly ionized. To
calculate the threshold value one starts considering the effective potential that acts on

the electron. In the case of a Coulomb potential it is of the form

(3.1) Ua,t) = —

» B(t).
47T€0.’L'+l t)

Here E is the time-dependent external electric field and the x-axis is lying in the
direction of that field. For the maximal field Eyae at t = tinaa; the maximum of the

potential is defined by

dU (z) eZ [ eZ
3.2 = EBrw: =0, = z=2\—
( ) dx 471'60582 * ( ! 47"-50Emam

Substituting the result of (3.2) in (3.1) we obtain

e F

deq

(3.3) U=2

)
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Figure 3.1: Field Ionization by Barrier Suppression: An external electric field disturbs and
suppresses the Coulomb barrier of an atom. An electron at the potential U, is bound in the
unperturbed potential (green). The external field depresses the barrier by the amount AU so

‘Ehat)the electron suddenly finds itself at an energy higher than the new disturbed potential
red).

Wlth' gk as the binding energy of the k-th charge state we then obtain the threshold
condition for the external electric field as: |

(3.4) E, = %26o7r
eZ

For 4 o

tl01 the C** charge state for example, which has a binding energy of 64.5 eV the

Tlli](:hold for the electric field is at ~0.2 TV/m. Since the fields predicted by the
A-model are of the order of 2 TV /m, i.e. one order of magnitude higher, one can

expect a very rapid field ionization of C4t,

3.2.2  Keldysh-Model

As e i i
" tXplamed above, Keldysh pertubatively calculated the transition rate from a bound

e e
ron to a free electron oscillating in a laser field, which is called a nonpertubative

Volkoy g -
Ov state. Using the Keldysh formula as given in [54] we obtain for the ionization
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rate

U\ E, 2 [ U\ E,
X -5 / = —_— —_— : _— — RN
(3.5) Wx = 4w, (UH> 7 P |3\ 7, AR
= 0.51 TV/m is

where E =2TV/m (from (2.22)) is the lonizing field, Eq = m =
the atomic electric field and Uy and Uy are the ionization potentials of hydrogen and
the ionized electron, respectively. An important feature of the Keldysh theory is that
ed more by the properties of the outgoing electron than
The Keldysh theory does not include any

the ionization rate is determin
ba the details of the atomic structure [66].

species dependence into the rate equation.

3.2.3 ADK-Model

A different treatment of the problem can already be found in the book by Landau [67].
n a static electric field E is deduced as

There the ionization rate for a hydrogen atom 1

U.\""* E, 2 ( U\ E,
3.6 Wy, =4 = — exp|—= |+ — .
(3.6) ) (UH> E “P\73\Uu;) FE
This rate follows from the tunneling probability of the electron through the Coulomb-

barrier (reduced by the electric field). Ammosov, Delone, and Krainov extended this

theory for larger atoms with a higher number of charge states. The resulting field

‘onization rate due to the ADK-model [63] is then given by:

3 5 o\
‘/VADK = C,QL*Z <; E (m) > Uf(l,m)
3/2 2n* —|m|—1 3/2
(3.7) X 280 (Ur exp 2 % —E—a ,
E UH 3 UH E

with

ey _ Qe m)!
(38) Cret = (;) Gy 6™ = g =

n* is an effective quantum number, 1 and m are angular and magnetic quantum numbers

and e in the coefficient Cy+; is Euler’s number 2.71828... . The ADK-model does include

atomic structure via terms f(I,m) and Cy. For a more detailed description of the

[63, 66]. Incorporating Krainov’s extension to incorporate FIBS [68] and

model see
using the implementation of Penetrante and Bardsley [69], the ionization rate can be

written as:
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: 3 1/2 2n.5—1.5
Wabk ~ 6.6 x 10% 4 1().87Z— Ea

3 7\ /2
(3.9) X exp |- 22 (BT
3712f E 3

where Z is the charge of the created ion, t is the time, and n., = 7/ \/Uk/_UH

3.3 Collisional Ionization

Theoritical Estimates on the Collisional Ionization Rates

By the laser plasma interaction on the front side, large amounts of hot electrons are
accelerated which penetrate through the target and reach the back surface | The hot
electrons exit the target rear surface and only the most energetic escape ‘.che target
completely, while the majority will be drawn back by space charge effects and/hijc tgh}e
target rear surface again. Recent experiments by Mackinnon et al. [42] even suggest
extensive oscillations in the target. Furthermore these electrons draw colder 1;eturn
currents in the opposite direction. All these electrons can and will ionize atoms the
encounter, however mostly within the target. To analyze the ion spectra it is importan}’;
to know the contribution of collisional ionization to the back surface ions, since onl
tho.se are accelerated. The ionization within the target is a more compl;x pl/'oblen)i
which is difficult to address experimentally but is part of the studies fi
e performed by
Electron-atom collisions can be divided into soft or distant collisions with a large impact
parameter and hard or close collisions with small impact parameter. The Mott theor/‘
[70] accounts for hard collisions as between two electrons but not for soft collision}bj
[71]. As was shown by Bethe, soft collisions essentially take place by dipole interaction
betwe.en the incident electron and the target electron [72]. A combined model Vali(/ij for
en.erg‘les from ionization the ionization threshold to the keV range was developed b
Kim in [73] and extended to the high energy MeV-range by Tikhonchuk in [54? Thi};

model is used ime
S used to estimate the ammount isional ionizati
. of collisional ionization for '
or the relevar r
Parameters, e

3‘ . .
3.1 Tonization by the hot electron component

From
the TNSA-model of Chapter 2 we know that we have to expect a hot electron

Com :
Ponent with a temperature of ~2 MeV at a density of ~ 1019 cin—3. The cross sec

ti()ll i
8 fOl‘ loni i DY electr i € we %Y € (5] e
nization by lectron unpact ar 1l known. An estimate of the contribution
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of this electron component to the overall ionization balance can be obtained from [54]:

) f U? kgTe.
(3.10) Wt & 47raf)nevetﬂzi In ( i > .

where ay is the Bohr radius, ve 18 the electron velocity and Uy and Uy are the ionization
potentials of the ionized species and hydrogen, respectively. The results are collected

in Sect. 3.5 where they are compared to the field ionization contributions as well as to

the numerical results calculated by the FLY-code.

3.3.2 Ionization by cold electrons in return currents

The hot electron component drives return currents in the target in order to stay below
the Alfvén-limit. Measurements by Gremillet et al. [74] and simulations by Rubl
[75] suggest temperatures on the order of tens of eV for those return currents. The
contribution to the ionization balance return current heating can easily be estimated.

The return current with a temperature k T ~ 50eV , which must balance the hot

electron flow, i.e.

nhot,uhot Thot
(311) nretvret ~ nhotvhot = n’ret = e e ~ nhot e‘ )
e ¢ € € e pret e Tret

e e

While the ionization rates due to a 50 eV electron component at 100 times higher
density are clearly much higher than those due to the hot component, one has to take
into account the interaction times as well. The hot component can ionize the surface
atoms on the rear for as long as hot electrons are supplied from the laser interaction
region, i.e. for the duration of the laser pulse. The cold electrons however are pushed
into the target by the quasistatic electric field on the back surface as soon as 1t gains
some strength. When this field is strong enough to start ionizing carbon it is on the
order of several GV /m, which is still more than three orders of magnitude below its
maximum. While the cold electrons will be pushed back into the target, the surface
ions will be accelerated outwards. The resulting overlap time of a 50eV electron and a
C'*_ion both initially at rest in presence of this comparatively low field of ~ 10°V/m
is less than 2fs as can be seen in Fig. 3.2. A higher collisional ionization frequency

due to lower temperatures is therefore immediately compensated for by a decreasing

interaction time.
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Figure 3.2: In the presence of a comparatively weak field of ~ 10°V/m, a cold electron
component is pushed back into the target, while C'*-ions on the surface are accelerated
outward. The mutual overlap time is less than 2 fs. The field is calculated by selfconsistently

solving Poisson’s equation using our 1D-kinetic code (Chapter 8).

3.4 Numerical Model of Collisional Ionization and

Recombination Processes using the FLY-code

In addition to the simple analytical estimates the numerical FLY-code [76] can be used
tf) simulate collisional ionization and recombination with time-dependent electron den-
;’Z (?Z;(t), and ion density n;(t), and an equally time-dependent electron temperature
f:roihzoii 1rcase of a typically me?a'sured.C4'+—sy.)ectrum there is no significant transfer
1 che ge states due to collisional ionization or recombination. The simulation
starts with solid state density at the target rear surface, n; in the adjacent half space

fOllOW ve " i e ve e e S e e w 1 e
S f y [ i 1

i::gle)ui)e 1lillp E) 2.5 ‘>< 11019 (11111‘3 and f'all again to gn,;, where § is the local average ion
the m(’)delledl . EISSHI.G qU&SI—neu.trahty of the plasma cloud. Tj is estimated from
e ation oot aC(?e erat,lon fields via (2.22). The total recombination and collisional

es, integrated along the path to the detector are in the range of 1% and

0.1%. tes - T
» respectively, as can be seen in Fig. 3.3. For the hot electron component this
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10°; |

~ 100p

nsfer due to electrons in a laser accelerated C4t-ion cloud from the

Figure 3.3: Charge tra
spectrometer. The transfer

time it leaves the target till it reaches the Thomson parabola-
rates are calculated by the FLY-code. Electron and ion densities and temperatures are fully

time-dependent.

small level of collisional ionization is to be expected.

3.5 Efficiencies of Field Ionization and Collisional

Ionization in ultrahigh-intensity laser ion ac-

celeration
Having discussed the different possible mechanisms one can now evaluate each mecha-
nisms contribution to the observed charge state distribution. First one has to bear in

mind that the region of interest is the backside of the target foil, there is the origin of

the observed ion signal.
Direct ionization by the laser can be ruled out as explained in Sect. 3.1. Model

both collisional ionization and field ionization are explained above and Fig. 3.4 shows
C%in an external electric field due to the analytical

dels as well as for the numerical model developed

s for

the respective ionization rates for

Keldysh, Posthumus and ADK mo
by Mulser and Bauer [55]. Also shown are the collisional rates due to a hot electron
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| 1?ure 3.4: Ionizationrates for C!'Tin a strong external electric field according to the numer-
1cad 1zodel of Mulser (cyan) and the analytical models by Keldysh (red), Posthumus (orange)
and ADK (blue). The horizontal lines show the ionization rates due to collisional ionizatior;

b
y the hot (2 MeV) electron component (green) and the cold (50 eV) return current (yellow)

population of ~ 2 MeV as predicted by the TNSA-model with a density of 10'? ¢cm=2
and the due to the return current necessary to compensate that current. The return
C i G
Nul;re;nt;L (1):32 Fifzufd to have a temperature of 50 eV and with (3.11) follows a density of
It is gbvious, that no matter which of the field ionization models is used, at the relevant
e'IGCtI“IC. field strength FIBS is by many orders of magnitude more effe(’:tive than colli-
?1011a1 1on?za,tion by the electrons. One also has to remember that the field ionizz%tion
Zate§ are Ju:st lower boundary estimates since the fields are still higher than normally
tﬁ?(j;dgirii emc m(ist (;f ]‘Zhe 'theories which account for example for effects as tunneliné
iy (Tou om 1 arrier. However at the field strength present the potential bar-
e iy sutcl’ a large amount that .the electrons are above the barrier anyway
oo Sei s 11(.) necessary. The numerical model of Bauer accounts for that and
at high field strength on the order of TV/m the respective curve (cyan)

lieg ' : _
again considerably higher than the analytical predictions.

Whil S
€ the curves shown in Fig. 3.4 are computed just for the C'*charge state, Tab. 3.1
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Table 3.1: Calculated field and ionization parameters for carbon. Q denotes the charge
state, Uy, is the ionization potential of the kth ionic charge state and Ej is the corresponding
field strength (3.4). E'** is the maximal E-field, /™ is the minimal field duration and
v is the minimal acceleration length for given k. W are the ionization rates due to the
hot electrons (kgTho! ~2MeV, ni% ~2.5 % 102 ¢cm™?), the return current (kgTl¢ ~50 eV,
nhet ~2.5 x 102! ¢m~?) and the field ionization (Ey = 2TV /m).

Q| Uk Weothot | Weotret | Wank
eV /ps /ps /ps
1| 1116 | 2531072 2.13 5.93-10*
9 | 24.38 | 1.1-107? 0.68 2.65-10°
3| 47.89 | 5.29-107% | 0.21 1.46-10°
4| 645 |3.28107% | 0.11 4.62-10°
5
6

392.09 | 5.29-1074 8.5.107°
490.00 | 4.14-1074 7.03:107°

lists the ionization rates for all carbon charge states due to field ionization (using the
ADK-model), collisional ionization by hot electrons and by the return current. The
calculations show that field ionization is orders of magnitude more effective than col-
lisional ionization with ionization frequencies of ~ 106 ps~!. The collisional ionization
frequencies are more than six orders of magnitude lower, meaning that every ion which
experiences a field is more or less instantly ionized by it. For the (C5*-case however the
collisional ionization frequency is about an order of magnitude higher than the field ion-
ization frequency. The number of collisionally ionized C5tis given by N5 = 1/65;[ TeNe,
with 2% = 5.3 x 1074 ps!, Te ~ Tiaser = 350 f8, and N, = n,V = nmr’rove, with
radius r ~ 50 pm, ne ~ 2 x 10" em~3, ve ~ c. This yields a N5y ~ 4 X 10% and is in
good agreement with the measured number of ~ 4.5 X 10°.

In the limit that only FIBS takes place, our model so far predicts sharp low-energy
cutoffs for each species. Note that this is qualitatively different from previous work
with long-pulse, isothermal expansion, for which ion spectra are continuous and rising
towards zero energy. In some shots such cutoffs are seen while for others the low-energy
cutoff is determined by detector properties. In the presented carbon measurement we
observe a rolloff of the C*Fand C°*charge states at low energies and for C**we observe
a high-energy cutoff that seems not to scale with ¢. This does not fit into the basic
picture of TNSA but is reasonable due to a small degree of collisional ionization.

In conclusion the analytical as well as pumerical models show that collisional ionization
s far less effective than field ionization. The collisional ionization frequencies are more

than six orders of magnitude lower (Weo ~ ps~! 1073 — 100 ps~'), meaning that
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e:lely. ion, once e'xposed to the space-charge field is quasi instantly ionized. For C*tor
other hydrogen—hke charge states however, the collisional ionization frequency is about
an order of magnitude higher than the field ionization frequency. The C5*distribution
could thereb‘y be created to a significant part by field ionization, though short spikes
and ﬂuctu.atlons in the field as seen in some PIC-simulations may also play a roler.

Its de.cay 1s not completely understood yet and takes possibly much longer. The main
ques.tlon for determining the dominant ionization mechanism therefore has to be which
Possmle mechanism is the most effective for the given conditions. To that purpoée
in the first version of the paper we presented a FLY-simulation, showing that for a

bopulatior 4t e is igni
1 1. 1 of C**ions there is no significant transfer to other charge states due to
collisional ionization and recombination.




Chapter 4

Experimental Realization of

Laser-induced Ion Acceleration

The experiments this work is based upon were carried out at the 100-TW laser at

the Laboratoire pour 'Utilisation des Lasers Intenses (LULI). They were part of three
experimental campalgns of two weeks each in October 2000, May 2001, and August
2001. A forth campaign January 2002 as well as a two weeks beamtime at the Trident

facility at the Los Alamos National Laboratory did not include heavy ion experiments

but yielded some data on the ion origin as well as general beam characteristics. The

LULI 100 TW laser is a single-shot high energy glass laser and delivers pulses of W, ~
30 J with a pulse length 7, ~ 300 fs at a wavelength A\, = 1.057 pm. These pulses

are focused at normal incidence on thin foil targets to an intensity of up to 5x 10"

W/em?. The contrast, i.e. the peak-to-pedestal intensity ratio, amounts to ~ 107 at

1.5ns before the main pulse. This corresponds to an energy contrast of ~ 107*. The

complete laser system, and the exact experimental setup including the used diagnostics

and targets are described in the following paragraphs. The Trident shortpulse system

is of similar design, and all its working principles and basic setup are analogous to the
LLULI system, therefore no extra section describing the Trident laser is included. The
main differences are a slightly longer pulse duration (~ 600 fs) and slightly higher pulse
energy (up to 40 J) at Trident. Due to the fact that the pulse compression is done in
air the focussability of the pulse is limited to about three times the diffraction limit.

This combined with the longer pulse length leads to slightly lower intensities on target

of ~ 10" W/cm?.
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4.1 Ultra-high-intensity lasers for ion acceleration:
The LULI 100 TW Laser System

With advent of high-intensity lasers based on ”chirped pulse amplification” (CPA)(7]
a new c.lass of lasers became available. These lasers deliver pulse energies of 1 to
1000 J in pulses between 30 and 500 fs, thus achieving intensities of well above 10
W/em? Today two basic types of high-intensity lasers exist: The Ti:Sapphire type
lasers., like ATLAS at the MPQ, with typical pulse durations of tens of fs and/p,ul;s*e/
energies in the 1-Joule range. These lasers have the advantage of high repetition 1‘ate;
of usually 10 Hz. Ti:Sapphire lasers can today achieve powers of up to 100 TW (3‘ J
in 30 fs) which can be focussed to intensities of up to 102 W/cm?. The second type
zu.'e huge Nd:Glass lasers, capable of delivering up to 1 kJ in pulses of typically half a
picosecond. The higher energy as well as the longer pulse duration are both dué to the
amplifier material. Glass amplifiers can be build big enough to extract huge amounts
of energy but the reduced bandwidth in the gain curve limits the pulse duration okf
pure Nd:glass systems to about half a picosecond. Furthermore, these systems are
single-shot lasers, with repetition rate usually not above 1 shot/hour. So far thek 110W
dismantled Livermore Petawatt-laser holds the record in power (as the nan’w says 1
PW: 500 J in 500 fs) as well as in intensity (>102! W/cin?), though systems of up‘ to
5 kJ are currently under construction. |

Though some experiments were performed on the MPQ’s Ti:Sapphire system ATLAS

which is described in detail in [77] the bulk of the experiments were performed Witli
the 100-TW laser at the Lahoratoire pour I'Utilisation des Lasers Intenses (LULI) [78]
which is described in the following paragraphs. The LULI 100 TW laser is a kind of a
hybrid laser of the two types discussed above, though leaning more towards the glass-
lasers. By using a Ti:Sapphire oscillator together with mixed-glass amplifiers pui;;ﬁ-s
down to 300fs with energies of up to 30 J on target (100 TW) can be achieve’d Th;e
laser can theoretically be fired every 20 minutes though to obtain a good qualit .} 1

a 40 minute interval is more realistic. ri

4.1.1 The Oscillator

The o

Il 1‘31 LULI‘ 100-TW laser utilizes a comunercial Ti:Sapphire oscillator with Kerr-lens

AO( e-locking [79, 80]. This oscillator delivers an 80 MHz train of pulses with a duration
T = . . .

- .8() fs at A=1057 nm. For Gaussian laser pulses the relation between the pulse
fation A7 and the spectral width AX at FWHM is defined by

2ln2 \?

T C

4.
1) ATAN >

e e
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Figure 4.1: The frontend of the LULL 100 TW laser produces 80fs laser pulses. First the
pulses are created in a Ti:Sapphire oscillator pumped by an Art-laser. These pulses are than

stretched to 700 ps by a grating stretcher and amplified in a Nd:YAG pumped Ti:Sapphire

regenerative amplifier to a level of ~ 5 mJ.

[81], with A being the central laser wavelength and c the vacuum speed of light. The
pulses are then stretched to up to 1.3ns in a 4-pass grating stretcher with a spectral
bandwidth AX > 16 nm. A Pockels-cell extracts a single pulse which is amplified in a
regenerative amplifier (Ti:Sapphire, TEMO00) pumped by a frequency-doubled Nd:YAG
laser. This regenerative amplifier delivers 10 mJ pulses at 10Hz repetition rate with a
bandwidth of AN >9nm, i.e. AT >180fs. The shot-to-shot energy fluctuation is about

18%. The setup of the oscillator, stretcher and regenerative amplifier is depicted in

Fig.4.1.

4.1.2 The Mixed Glass Amplifiers

The pulses from the regenerative amplifier then pass through a chain of consecutive
glass amplifiers. As shown in Fig.4.2 the amplifier chain consists of 3 rod amplifiers
stages with increasing diameters (16, 25, 45mm) and the final 108mm disc amplifier.
Each rod amplifier stage consists of a rod of LHG-8 phosphate glass and one of LSGI1-
H silicate glass in series to generate a broader gain curve (see Fig.4.3.

The 108mm phosphate glass disc amplifiers is custom made at the Rutherford Appleton
Laboratory in the UK and is operated in a double pass configuration. The 6 glass discs

sit at brewster angle and are pumped by an array of flashlamps. The complete amplifier
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Figure 4.2: The pulses from the front end are amplified in two 16, 25 and 45 mm di

glass amplifiers, respectively. The rods consist of different glass sort; to widen the gai lame:ter
The final amplification is done in a 108 mm disc amplifier. Between the single a; f)gm g
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Figure 4.4: The beam profiles evolves gradually in a flat-top profile while passing the

different amplifier stages. This reduces the peak intensities on the compressor gratings.

chain has an accumulated B-integral of ~1.5 and is able to deliver chirped pulses of up

to 150J. (The B-integral is defined as

(4.2) B= 27” antd) g

T

and describes the nonlinear effects on the pulse due to the intensity dependent second
order of the refraction index). By taking advantage of the radial gain of the rod
amplifiers, it is possible to set up the amplifier in a way which causes the Gaussian
pulse profile at the beginning of the amplifier chain to gradually evolve into at flat-top
profile at the end of the chain as illustrated in Fig.4.4. This is of great advantage
for the following compressor stage, since the total energy in a pulse is limited by the
damage threshold of the gratings, which in turn depends on the peak intensity on any
one given point of the beam profile. Thus it is clear, that with a flat-top pulse with
the same peak intensity a significantly higher total energy can be transported over the
gratings than with a Gaussian shaped pulse.

The whole laser system is set up on several tables in two rooms. Fig. 4.5 shows the
actual setup of the frontend, the rod amplifiers and the disc amplifier. The space in the
laboratory is very confined, therefore the disc amplifier had to be installed in a second
plane above the rest of the setup. The compressor chamber and the target chamber are
installed in a separate room to ensure a disturbance free laser operation and a reduced

laser hazard in the experimental area.
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Figure 4.5: Photographs of the LULI laser system: top left: front end, top right: rod

amplifier and beam diagnostics, bottom left: disc amplifier, bottom right: compressor and
target chamber.

4.1.3 The Pulse Compressor

After passing through the glass-amplifier chain the pulse is split into two. One part
(containing typically ~60 J) stays long and can for example be used for plasma creation.
The second part with typically ~40 J is sent through a grating compressor to reduce
the pulse duration to ~300 fs. The compressor and the attached interaction chamber

form a -
connected va ar Ty _
vacuum system with an operating pressure of ~ 1079 mbar.

As illustrated in Fig.4.6, the compressor consists of two gold-coated diffraction gratings
of 42 x 21 cm. The pulse makes a double pass in the compressor and the maximum
Pulse energy is limited by the fluence at the second pass on G1, when the pulse is
already short. Holographic gold-gratings have a damage threshold of ~0.35 J /cm? for
a pulse of ~200 fs [77], limiting the maximum pulse energy to 30-40 J. With an overall
Compression system efficiency measured to be ~ 70% this yields about 20-30 J on
Zle;lg(jt. This. is 0111.y a sm’all part of the energy delivered by the amplifiers. Currently

loped dielectric gratings promise higher damage thresholds, resulting in higher

thr , .
roughput energies for the compressor system once they become available

EEE—
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Figure 4.6: LULI double-pass compressor with holographic gold gratings

4.1.4 The Target Chamber

After entering the compressor all pulse transport is done in vacuum to prevent beam
breakup. The pressure inside the pumped-down target chamber is typically of the
order of ~ 107% mbar. Due to the short pulse duration and the resulting high inten-
sities nonlinear effects like small-scale self-focussing can cause serious distortions to
the wavefront and thus prevent a good focussing when the beam is transported in air.
Therefore the interaction chamber is attached to the compressor chamber as can be
seen in Fig.4.7 and forms a closed vacuun systemni.

The target chamber itself is of roughly spherical shape with a diameter of 1.2 m. Various
ports allow to connect different detectors and diagnostics for beam characterization
and of course the experiment. The photograph in Fig. 4.7 shows to Thomson parabola

spectrometers in the foreground and the transport setup for a probe/heater pulse on

the right.

4.1.5 Laser Diagnostics

The beam is transported by dielectric mirrors and focussed by an off-axis parabola
down to intensities of ~ 5 - 101 W/ecm?. The critical alignments of the system, such
as pulse compression and focussing are done with an injected 10 Hz-beam from the
regenerative amplifier. The focal spot is measured by a far field camera system which

shows it to be roughly 2 times diffraction limited. A typical focus measurement is
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igure 4.7: The LULI targetchamber has 1.2 m diameter. In the foreground the two Thom-
son parabolas can be seen which are attached to the chamber via valves to have independent

I'Nner a al [ ()f I]le ONpPressor

shown 11? Fig. 4.8. For the pulse duration measurement a single-shot autocorrelator is
used which showed typical pulse durations between 300 and 350fs.

4.2 Experimental Setup and Diagnostics

As targets mostly thin metal foils were used with thicknesses ranging from 5 to 200
pn. The foils were mounted free standing on washers as shown in Fig. 4.9 to provide
access for. the laser pulse, the different spectrometers and other particle diagnosticé
;?2 Zh; SX?Lit;neoZ? target intgfermnetry, as illustrated by the green laser beam in
mount.:e.d e clm 1s‘tancfe behind the target'a stack of Radiochromic film (RCF) was
T providec fl anl.lmpr;nt. of the proton signal. Usually the stack was fitted with
the oppien 'r?e 11ne 0 s1'g%ht for the spectrometers. One special targetmount had
Wi esistively heating the' targets by running a ~10 A current through it.

e non-heated targets were simply glued to the washers this what not possible

for heat, t tact t
a ¥ " i i
ed targets. In order to maintain contac and s ay in place also at temperatures
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Figure 4.8: Typical focal spot for a LULI laser shot with an energy of ~15 J. The plot

shows the intensity over the spatial extension of the focus.

~1000 °C, these targets were clamped down on an insulating mount. Attached to this

mount were the wires carrying the heating current.

The setup for most experiments is depicted in Fig. 4.10. The main interaction beam

(red) is focussed by an off-axis parabola, hitting the t
al. Perpendicular a frequency doubled probe beam (green)
at the target

arget under an angle of 0° with

respect to the target norm

was used to obtain an interferometric image of the plasma conditions

surfaces.

The accelerated particles were investigated by four complementary diagnostics:

(a) a stack of radiochromic films (RCF) 5em behind the target to record the angular
distribution of the emitted proton beam [41, 33];

[82] with a Kodak DEF

(b) two combined magnetic proton/electron spectrometer

X-ray film to measure the proton energy spectra;

(¢) a cluster of neutron detectors to measure the neutrons produced by second order
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Flgulje 4.9: The target is mounted with free access from the front, rear and the sides. The
laser is impinging on the front the ions are accelerated from the rear in laser direction where
most of them hit the stack of RCF. Some pass through the slit to the spectrometers. Attached

to the targets are the current-carrying wires for resistive heating.

(p,n), (v,n) and fusion reactions [11], these detectors are not shown in Fig. 4.10;

(d) the main diagnostic for the ion experiments (see Chap.5): two Thomson parabola
spectrometers (B = 0.65T, E = 1.3 MV /m, solid angle ~ 5-107®sr) with CR-39

track detectors to obtain the ion energy spectra.

The Thomson parabolas as well as the proton spectrometers are attached to the outside
of the target chamber at at -6.5°, 0°, or 13° to the target normal at a distau(:é of
about 11 as is shown on the photograph in Fig. 4.7. Three spectrometers could be
used simultaneously. While the proton spectrometers use standard X-ray filin as a
?etector, this is not possible for the detection of heavier particles which would be
;topped in the protective layer. The Thomson parabolas work instead with a Soli(i
.tate Nuclear Track Detector (SSNTD) called "CR-39”. CR-39 is sensitive to single
1(;); e\zents but insensitive to electromagnetic radiation and electrons. An ion striking a

-39 plate destroys the polymer matrix along its path and causes nm-scale damage

Sites :
These damage trails are transformed into cone- or bowl-shaped craters when
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Foil target (~ 50 pm)

al Setup: the target is mounted free standing and can be resistively
is focussed optics by an off-axis parabola.

ain a magnified image.

Figure 4.10: Experiment
heated via the two wires, the main laser pulse (red)
The interferometry beam (green) is expanded after the target to obt
Behind the target is the RCF-stack diagnostics and two Thomson parabola-spectrometers

with CR-39 detector plates.

the CR-39 is etched in NaOH solution. Each individual track is analyzed by optical

microscopy with custom pattern recognition software [83] yielding position and track

The absolute energy spectra for each ion species are then obtained

size parameters.
Ouly this ”single-track counting

from the distribution of pits along the distinct traces.

method” yields correct results for the areal ion density. Optically scanning an etched

CR-39 plate as often done may lead to erroneous results because the optical density

is not simply proportional to the number of pits. While the next sections describe

as well as the target interferometry, the main ion

the general diagnostics (a) - (c)
d the automated track

diagnostics, i.e. the Thomson parabolas, the CR-39 detectors an

counting system is discussed in Chapter 5.

4.2.1 Interferometry

The free standing target was probed by a frequency doubled laser heam parallel to

the surface to determine the plasma conditions on the front and rear surface. The

0
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111terfer01netrlc setup yielded information on plasma formation on the target surfaces.
The Inllterfero.metric setup makes it in principal possible to obtain the exact electron
del181.t1es. This data is however not part of this work and will be published elsewhere.
The important aspect for the acceleration of fast ions is to have unperturbed target
1'ea%“ surface at the time of the interaction. The timing of the probe beam could be
varied by a delay line to adjust the prepulse in a way to give a large enough preplasma
for effective electron acceleration but to be close enough to the main pulse so that the

prepulse-launched shock wave does not destroy the back surface.

4.2.2 Neutron Detectors

In addition to the ion and laser beam detectors, a silver activation neutron detector
[84] was placed close to the target chamber determining the neutron yield for £he
different experiments. The silver is activated by neutron capture and 3-decay with
a half life of 28 seconds, which is detected in a scintillator and recorded by aA photo
multiplier tube (PMT). This detector measures the neutron emission caused by (y,n)
and (p,n) reactions from the target. On typical shots, the neutrons are generated ’by
(y,n) reactions within the target (caused by the bremsstrahlungs photons from the
relativistic electrons) and by (p,n) reactions of our proton beam impacting on the RCF
screen. We also used a target of deuterized plastic (CD,), which was laser-heated to
produce a beam of deuterons. Placing a CD, catcher behind the target we observed
the yield of neutrons from (d,d) fusion reactions. We detected a total yield of 2.8 x 107
neutrons in this experiment, which was at least an order of magnitude above the yield
on average shots. The details of this experiment which also used time-of-flight neutron

detectors to measure a neutron spectrum can be found in [11].

4.2.3 Radiochromic Film and CR-39 stacks

As is shown in Fig. 4.9, a stack of radiochromic film (RCF) was mounted ~ 5 em behind
the target to record the angular distribution and spatial beam profile of the emitted
broton beam [40]. Due to ion Bragg-peak, i.e. the pronounced energy loss of ions at the
le)l:qllif ;thzu;f range, diffeﬂ.rent layers of the RC film pack allow the imaging of the proton
c. ifferent energies. The RCF changes through polymerization of a diacetylene
active layer, from transparent to dark blue in proportion to the absorbed dose (in
l‘zis)m(;fdleoﬁnzing: liadliatiou (1 rad = 100 erg'/ g). The response of the RC filin package
- fe‘ with the SRIM M(?nt.e Carlo ion transport code, and obtained response
or the layers of RCF similar to the ones presented in [32]. Furthermore the

RCF . :
was specially calibrated for protons at a proton accelerator facility. The resulting
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Figure 4.12: Magnetic spectrometers to record proton electron and positron spectra.
Figure 4.11: Calibration curve for proton energy deposition in RCF (courtesy of A. Blaze- 4.3 Thin Foil Targets for Ion acceleration terial
. materia

vic).

choice and properties

A wide range of different target materials was tried within the experimental campaign
including insulators as well as conductors. The typical targets for proton production’
were Au- and Al-foils, sometimes with additional CH layers on the back to boost the
proton yield. The thickness ranged from 5 to 200 pm, with ~10 um targets givin
the highest yields and energies. For dedicated ion experiments Al-foils with a 1 ,ungl
carbon coating were used in the beginning. Due to the low melting point of aluminum
122 Deston and Eltton Spectrometer the substrate was later changed to tungsten. The coating was changed from carbon
which has to much hydrogen embedded in its matrix, to CaFy or UF,. 10 to 50 n;
thick targets were used, with coatings in the 100 nm range. | '

calibration curve is given in Fig. 4.11.

The two magnetic spectrometers were mounted at a distance of about 1 m from the
target covering a solid angle of ~ 5 x 1078 sr. The spectrometer design allows to Si-
multaneously record a proton spectrum as well as an electron and a positron spectrum.
The layout of the spectrometers is shown in Fig. 4.12 and a detailed description of its
properties can be found in [82]. Electrons and protons were recorded in nuclear emul-
sion track detectors which allow single particle detection without being overwhelmed
by the blinding X-ray flash from the laser plasma. The use of an additional X-ray film
layer extended the dynamic range to higher particle fluxes. A protective light tight
paper in front of the emulsion and X-ray film stopped protons below ~2 MeV.

The upper energy limit for protons is around 100 MeV. The instrumental energy range
for electrons is between 0.2 and 140 MeV and for positrons between 0.2 and 40 MeV.
The spectrometers were supplied by our coworkers from General Atomics and the
detailed data obtained by them will be presented in [10].




Chapter 5

Diagnostics for laser-accelerated

heavy lons

After high-energy protons had been measured in a number of experiments [41, 39, 52|,

the next logical step was to search for heavier elements, which might also be accelerated

by the same mechanisi. Since a basic magnetic spectrometer like the one used to detect

the protons is not able to distinguish different ion species and charge states a New
detector had to be deployed. Two Thomson parabola spectrometers were designed,
the parameters like clectric and magnetic fields, but also outer dimensions, vacuuin
capability, etc. were chosen to match the expected experimental conditions. These
detectors consists of two parts: (i) the real spectrometer, which uses parallel electric
and magnetic fields to separate the entering ions by charge-to-mass ratio and energy
and (ii) a CR-39 detector plate normal to the flight path to record the impinging ions.

The following sections give an overview over those detectors.

5.1 Design of the Thomson parabola spectrometer

A Thomson parabola -spectrometer is an established detector, invented 1912 by Joseph
John Thomson, the discoverer the electron, to investigate "K analrays” or positive rays.
It basically consists of parallel electric and magnetic fields which are arranged with
there field lines perpendicular to the flight path of the particles to be measured. 1f now
a charged particle passes through the fields it is deflected parallel to the electric and
perpendicular to the magnetic field. Using this arrangement, Thomson first identified

the isotope ?*Ne. For an ideal Thomson parabola , neglecting any fringe fields the

amount of the deflection is given by

5.1) _4EID _gBWD
. B mUQ 2Ekin
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and

(5.2) o~ qBlD _ qBlD
mu VemEg,
v;/.here E,B are the electric and magnetic fields, 1 is the length of those fields, D the
distance from the middle of the fields to the detector plane and m, q, v, and Egin
) y Yy € kb

the particles mass, charge ' e
S, C , velocit —_ T
viclds g y and kinetic energy. Combining (5.1) and (5.2) now

(5'3) y = mpb azg—i E
qlDB? miDB2"

Y}

a parabolic equation with the charge-to-mass ratio as a parameter. From (5.3) it is
eETSy to see that particles with the same charge-to-mass ratio but different e1191'g;ies
?116 deflected on a parabolic trace in the detector plane, while particles with diff/erent
rfllal‘ge—to—mass ratio lie on different parabolas, as can be seen in Fig. 5.1
Ca;?nglvlv(;lijon parabolas used in our experiments were housed in their own vacuum
e h was attaclied to the targetchamber with a valve to allow separate pumping.
was important to be able to change the CR-39 detector in the Thomson parabola

betwee }
een two shots without having to open the whole targetchamber. The fields were
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Figure 5.2: Thomson parabola calibration: top left and bottom right: a 3D computer model
was needed to treat the fringe fields correctly. Top right: the simulated traces are overlayed
with the measured data to identify the charge states. Bottom left: from the simulation an

energy dispersion relation for the Thomson parabola can be obtained.

supplied by permanent magnets and copper electrodes, respectively. he magnetic fields
have a strength of ~ 0.65 T, the high voltage fields can be continually adjusted up to
16 kV for one of the Thomson parabolas and up to 30 kV for the other, yielding electric
fields of up to 1.3 MV /m. These fields cause a dispersion strong enough to separate
charge-to-mass ratio -differences < 0.1 at MeV /nucleon energies by more than 500pum.
The Thomson parabolas can be fitted with pinholes of varying size to adjust for target
distance and ion yield. A typical pinhole size is 300 pum, resulting in a solid angle for
the spectrometer of ~ 510 % sr.
Due to the compact design and the very strong magnets and high voltages the Thomson
parabolas cannot be described by (5.3) with sufficient accuracy. Strong fringe fields,
a design-based geometric shift between the electric and magnetic fields and a variable
entrance point for the ions lead to an additional linear term in the equation. In order to
obtain a exact calibration it is necessary to do a full 3D tracing routine for ions crossing
the deflecting fields. This was done using the ion optics code Simlon L. Fig. 5.2 shows
cutaway views of the 3D-Thomson parabola simulation with computed ion traces for

Hydrogen and Carbon. The simulated traces where then overlayed with the measured

1Tdaho National Engineering and Environmental Laboratory, Bechtel 1999
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data in order to identi . :
order to identify the correct species and charge-to-mass ratio (Fig. 5.2 top right)

To obtain a dispersi i
he . : - :
. € persion relation the simulated data was then fitted with a second order
polynomial: ’

P P
2+3

€z 2

(54) Ek‘in s P1 +

A typical fit for a C**trace is shown in the bottom left picture of Fig. 5.2. Using this
dlspers'%on relation the energy of for each point on a specific ion track can be obta,ined‘
CR-39 is sensitive to single ion events but very insensitive to electromagnetic radiatié)n‘
and electrons. An ion striking a CR-39 plate destroys the polymer matrix along its path
and causes nm-scale damage sites. These are transformed into cone- or bowl—sila ped
craters when the CR-39 is etched in NaOH solution. Each individual track is allal 17ed
by optical microscopy with custom pattern recognition software [83] yielding 1)093;;611
and track size parameters. The absolute energy spectra for each ion species arrek ti1en
obtained from the distribution of pits along the distinct traces. Ouly this ”siugle—tra(:k
counting method” yields correct results for the areal lon density. ‘Optically scan’nin‘ s
an etched CR-39 plate may lead to erroneous results because the optical densit, i .
simply proportional to the number of pits. ‘( e

5.2 Solid State Nuclear Track Detectors

CR-39 characteristics and functional principle

To record the ion traces Solid State Nuclear Track Detectors (SSNTD) were used
(SSNTD) are used for more than 40 years to detect lonizing particles in a wide range of
experiments and applications, including dosimetry, medicine and biology, space physi/CS
nuclear physics, fusion physics, and recently also in the new field of ultr;high—intensi‘/r ,
ii%.ser —plas'ma physics®. SSNTDs can be made of various materials, as e.g. crystals Ilil;}ef
tolP?,,. or1 dlffere‘nt 391“ts of .plastic. They ar'e robust and easy to handle and sensitive
. 'Sl%lg e particle interaction. The track forming mechanism only works for heavily
i(l)lllzlng particles whiclll 111§kes S.SNTDS insensitive for light, X-rays and even electrons.

. '1e scope of ultrahigh-intensity laser experiments where one wants to detect ions
,‘:-ch.l%l a strong background of virtually every other radiation possible this comprises a
tiiﬂil;j;{lf fizasnr“[c‘age over nucl,’ee.u“ emulsions or films. The material used in the scope of
. TASL?,’ | | RAK CR-39” is a plastic solid state nuclear track detector, produced

in Bristol, UK.

2
For o e 5 .
3f[‘riC1n:XtTnS‘lV(;lewew on the applications of SSN'I'Ds see [85].
4CX Analysis Systems Limited, H H Wills Physics [, ‘atory, Bri SO
Columbia Resin®. 3 aboratory, Bristol. "CR” in CR-39 stands

fOl' ”
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5.2.1 Working principle of SSNTDs: Track formation mecha-

nism

The working principle of a plastic SSNTD is fairly straight forward: a particle passing
through the detector looses energy along its path which is transferred to the surrounding
mediunt. If the differential energy loss of the particle is high enough and exceeds a
material dependent threshold, molecules are excited or ionized and the polymer chains
of the material break. The fact that a material dependent threshold has to be overcome
to break the polymer chains is the reason that CR-39 is fairly insensitive for UV, X-
ray, - or even electron radiation unless exposed to very high doses over a longer time.
Heavy particles on the other hand leave a trail of damage in the material which can be
detected and which contains information about the particle that caused it. Since the
size of a damage track is on the order of ~3-10um, detecting it is simple. Though there
is recent work of direct track detection by atomic force microscopy [86], usual method
is to enlarge the tracks by the use of a chemical reagent (etchant). These etchants (e.g.
NaOH) dissolve the damaged regions at a higher rate than the bulk of the material
thus first gouging out the damage trail and then enlarging it in all directions [87] until

it becomes visible under an optical microscope.

Since the etch rate along a track depends on the differential energy loss of the parti-
cle let us know briefly consider the damage causing mechanism in a bit more detail:
A charged particle passing through matter can loose energy due to radiation losses
(Bremsstrahlung, Clerenkov-radiation), through electromagnetic interaction and by in-
ternuclear scattering. For ions in the MeV-range the electromagnetic interaction is the

dominating energy loss mechanism and is described by the Bethe-Bloch-Formula [72]:

daw ,(Ae)?  Z*? 2m..c? 3 , 0
(5.5) y T = 4na mecgne 7 In =1 — % = 5"

Here, o is the fine-structure constant, m. the electron mass, n. the electron density
within the material, ¢ the velocity of light and the usual relativistic 8 = v/e. The
velocity of the impacting particle is denoted by v and its initial charge state by Z,
7% = Z(1 — exp(—1308/Z%*)) [85] heing the effective charge state at a specific time
caused by the interaction with the target material. [ ~ 16297V describes an average
lonization potential of the target material and §/2 is a correction for density effects
to the standard Bethe-Bloch-Formula described e.g. in [88]. The differential energy

loss of the particle thus depends on its kinetic energy and its range R in the detector
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Figure 5.3: Energy loss dE/dx for alpha-particles in CR-39. The highest energy loss occurs

at the end of the range at low energies, shortly before the particle is stopped.

material is determined by:

0 0
(5.6) R = / do = / 1
dW/dz i
"Vmaa; M/ﬂla:c

Due to the energy losses by electromagnetic interaction target electrons can be excited
to higher energy level which can break the polymer chains. The electrons can also
be totally ejected (d-electrons) and cause further excitation and ionization (secondary
electrons) which can also break the polymer chains. As can be seen in Fig.5.3, the
highest energy loss occurs at low energies at the Bragg-peak, i.e. at the end of the
particle range. In the next section, where the etching behavior is discussed, it will
become clear that this means that particles stopping in the material will leave the
most visible tracks and that it is possible to infer information on particle species and
energy from the observed tracks. To determine if a given energy loss is sufficient to
create an etchable track, several different criteria exist. The most obvious one is a
threshold behavior in the total electromagnetic energy loss dW/dx: if dW/dx exceeds
a material dependent threshold the particle leaves an etchable track. Unfortunately
this is not confirmed by experiments which show that the threshold depends on thle
atomic number Z of the ion [85]. The criteria used in the scope of this work is the
Restricted Energy Loss (REL), which is the part of the energy loss which produces
d-electrons below a maximum energy Wy. Electrons with energies above W, deposit
their energy too far away from the ion path to contribute to the track formation. With
a correct (material dependent) choice of Wy a Z-independent threshold for etchable
tracks can be found [89]. A more extensive discussion of track formation criteria can
be found e.g. in [87].

“
- |
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5.2.2 Track Etching

The most common method to render the individual tracks visible is chemical etching.
The etching process in the track region proceeds with the velocity v, which is larger
than the bulk etch velocity vg in the undamaged material. This means that along the
ion path a narrow channel is etched until the stopping point is reached. Within the
channel the etching process contines with vp, so that pits or craters are formed. The
exact form of these pits depends on the etching conditions and on the track etch rate
v; which in turn is a function of the energy loss. For ions with normal incidents a
cone shaped crater with a circular opening and radius r forms, which becomes elliptic
with increasing angles of incidents. The opening angle 4 of the cone depends on the
ion range, i.e. the energy. The process is schematically depicted in Fig. 5.4. The
new surface after etching the detector for a time t. can be obtained by drawing a
semicircle with radius vgt, from every point of the original surface. The new surface
is than determined by the envelope of these semicircles. Along the track the etch rate
is vp > vgy. While the track is etched the length [ = vyt., the surface is only etched by
the distance h = vpt,. At each point along the track a circle with radius rr = vg(te—t)
can be drawn leading to the conical shape shown in Fig. 5.4 (a), if R > L is fulfilled,
with R being the ion’s range. If the etching is continued beyond the stopping point the
cone will develop a rounded end section and finally assume an increasingly flat bowl
shape as illustrated in Fig. 5.4 (b). The dimensions of the track opening can be easily

calculated. The opening angle 3 is given by:

vpte Uple UB

5. sin(p)i= - "o
( 7) Sln(ﬁ> L 'Uf[‘te U
Also

r (5.7 UB
5.8 tan =7 = T/
(5.8) ) L, v% — ’U,QB ‘

so that for the observed track radius follows:
vple Upgle ; Ur — VB
= —F— =Bl — -
L Vi — vy vr + VB

Furthermore, for oblique tracks the angle of incidents can be determined by measuring

(5.9) r=

the ellipticity. That means that by measuring the bulk etch rate vp and the track radius
r it is possible to determine the track etch rate v, from which in turn the energy loss
and in the end the track causing particle can be inferred.

In the experiments presented in this work six-molar NaOH at 80°C was used as all
etchant. Etching times were usually ~ 40 minutes for ion analysis and multiples of this

to specifically etch for protons. To achieve reliable results it is important to hold the
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5.3 Analysis of the CR-39 plates using the Siegen
Automated Scanning Microscope with pattern

recognition system

Analyzing an etched CR-39 plate is usually done by optical means. Normally the
individual tracks are counted under a microscope, either by hand or by an automated
system. Especially in laser-ion experiments, the track density is usually high enough
to cause a change in the mean optical density of the plate. Several groups tried to
analyze CR-39 plates by using the optical density as obtained e.g. by a scanner, as a
measure for the particle density. As it is shown below there are serious problems with
this method, since the optical density is not only dependent on the number of particles
but also on the track geometry. This in turn depends on the particle species, it energy,

angle of incidence and the etching parameters.

5.3.1 Reflective and transmissive behavior of etched tracks

The reflective and transmissive behavior of an etched CR-39 plate determines it optical
density. An undamaged CR-39 plate without any etched ion tracks is transparent,
like plexiglass. Each surtace damage, like an ion track but also like scratches, dust,
dirt, material inhomogeneities, etc, acts as a scattering center which absorbs, reflects
and scatters any incident light. Especially how the light is scattered at a single etch
crater depends strongly on the form of the crater as is explained for a simple example
in Fig. 54 (c). Cone-shaped tracks will appear almost black since the light is not
scattered back to source, while with bowl-shaped ends will develop a very bright spot
i1 the middle which gets bigger with increasing bowl-diameter. Tracks which have no
cone walls left and consist entirely of a rounded bowl will appear light and with a weak
contrast to an unperturbed surface. When one now relies on measurenient of mean
optical densities for analyzing the CR-39 as one does by using a flatbed scanner or
photograph it is clear that this method is prone to error. The mean optical density
depends strongly on the method of illumination, i.e. which angle, paralle] or divergent
light, etc. as one sees in Fig. 5.5. Using a mixed nuclid source (*** Am,?® Pu), two
alpha-particle spots were created on a CR-39 plate. One has a particle density typical
for laser acceleration experiments, the other is a factor 10 less dense. The CR-39 plate
was then scanned by an optical scanner. The top row in Fig. 5.5 shows two scans ab
different illumination angles, with superimposed optical density lineouts from a 5 x 100
mm wide area out of the middle of each plate. The bottom row shows a false color

representation of the entire surface. Not only is it impossible to determine which of the
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Figure 5.5: A CR-39 plate irradiated at two spots with an alpha source. After etching tl

p.late was scanned at different angles. The change of the angle caused a drastic chan 'g lle
signal. Top: scanned images, the left shows a bright center of the irradiated spots ‘ugl(l3 m"t;j
shows ring structures. The red lines are horizontal line-outs from the middle of t,he E)llejtges

Bottom: False color ima, :
ge of the scanned . i
values. pictures, the colors represent different brightness

¢ : SE .

Ich) spots is of higher density, the profiles also change drastically with the illumination

t i .
ollows that analysis of CR-39 by mean optical densities as done e.g. in [39, 90] is

not .a reliable technique. Therefore this approach was discarded in the scope of this
thesis and the analysis was done by single track counting.

5.3.2 Automated Single Track Counting

OOne CR-39 plate from a Thomson parabola detector typically holds ~ 10 tracks, ruling
a:tt 1?611:?11;1\1,21 St;acka(S)-unti%lg procedure. Instead an Automated Track Counting éystem
L .y 0 1eg.;e11 was used [91, 83]. This system consists of an high-precision
) scope equipped with an autofocus, a positioning stage and a CCD-camera. The
reézzll“itil)llil Sti]fi poﬁsitio}:ing stage are c.()upled to a computer with a specialized pattern
- | vwale.' n. updated version of the system was recently purchased by our
P and is shown in Fig. 5.6.
The Samaica pattern recognition software analysis the video image and searches for ion

tl‘ack. . .
s. To each recognized track it fits an ellipse (sce Fig. 5.7) and stores a number of
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Figure 5.7: The automated scanning microscope takes a video picture and searches for
tracks. Recognized tracks are fitted with ellipses and their parameters are stored. After
further analysis a scatter plot reconstructs the Thomson parabola image.

the energy spectra extracted.

Figure 5.6: Automated scanning and particle counting station: The (CR-39 detectors are

placed under a computer controlled microscope. A CCD-camera relays the image to the

computer where a special pattern recognition software searches for particle tracks. The
tracks are counted and analyzed. From the stored data the complete image on the CR-39

can be reconstructed, displayed and further processed.

parameters like position, semi-axis, angle, enclosed area, brightness, etc. . Afterwards
the program moves the microscope stage by one image and the process is repeated until
the whole CR-39 plate is scanned. For a 10 x 5 cm plate this typically took 20 to 30
hours at a 50x magnification, due to the fact that with the old system only rectangular
scanning areas were possible. Due to this experience the new Munich system is fitted
with a larger CCD-chip and can process up to 5 arbitrary shaped scanning areas for
faster processing. The Samaica pattern recognition software was specially developed

for the analysis of ion traces in CR-39 SSNTDs and has a wide range of options to

tune the recognition process and discriminate against dirt effects. For more details on

the system see references above and [92].

After a scan is completed the raw data is analyzed further. To postprocess the scanning
data the Software Package Plotlt was developed. With this program the Thomson

parabola images can be reconstructed, the individual parabolic traces identified and




Chapter 6

Proton Acceleration and general

Beam characteristics: Experimental

Results

While the main topic of this work is the to effectively accelerate ions which are heavier
than protons and use the results to obtain a better understanding of the acceleration
process, a number of other quantities are important to form a complete picture. In the
scope of our experimental campaign we also measured the electron spectra, the proton
energy spectra and beam divergence, the ion source size and the dependence of the

acceleration process on a number of target conditions.

6.1 Electron Measurements

The magnetic spectrometers used to measure the proton spectra could be equipped
with a second film to simultaneously record an electron spectra as shown in Fig. 4.12.
Figure Fig. 6.1 shows a typical electron spectra measured for a gold target. Elec-
tron energies from ~200 keV up to 50 MeV, i.e. the high energy tail of the electron
population were measured. The spectra can be fitted with a 2 temperature fit, the
temperatures agreeing reasonably well with both the TNSA-model and more elaborate
PIC-simulations. A detailed analysis and interpretation of the electron spectra is dif-
ficult, since the spectrum measured is not the original electron spectrum created by
the laser pulse. It is influenced and deformed by the transport through the target as
well as the space charge fields and the ion’s charge fields on the back of the target.
Furthermore only the high energy part which escape from the target is measured in
the spectrometer, while all low energy electrons do not escape the vicinity of the target

but are drawn back by the strong space charge fields. Baton et al. [93], using the sane
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Figure 6.1: Electron spectra for a typical Au-target shot with 24J.

| .
aser facility, were able to measure a part of that colder electron component exiting the

rear s ' i i
urface of aluminum targets, employing optical transition radiation.

6.2 Proton acceleration from thin foil targets

A? will be shown below by shooting a ultrahigh-intensity laser at any foil target, one
;Vlll always accelerate protons, no matter what the target material. While heavier, ions
bl;z I&ILI 1111;(;}; ztlaltterf SUidti;l tool to pl"?be the accelerating fields, some properties such as
ol llléaill WCZ 1;)r ifferent energies, b(-eam- emittance and source size is much more
e red by p.rotons. .Due.to their higher range the protons penetrate several

s of stacked Radiochromic Film Detectors while the heavier ions are normally

&lready sto i :
pped in the first protective |
e P ive layer of nylon and never reach even the first dye
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Figure 6.2: Proton spectra for an aluminum target (black), a gold target (red) and a coated
tungsten target (blue). The spectra from gold and aluminum were measured at 0°, the one

from the tungsten target at 13°, explaining the lower cutoff energy.

6.2.1 Proton Spectra

The spectral shape of each proton energy distribution is generally continuous up to the
cut-off energy, in agreement with the electrostatic sheath acceleration mechanism and
as well as observations in similar experiments 9, 39, 40]. Fig. 6.2 shows proton spectra
from three different targets, namely from an Al-target, a Au-target, and a coated W-
target. All these different target materials, as well as Teflon and other plastic targets,
show strong proton spectra, dominating all other species and charge states. This Is a
known phenomena already observed with long pulse lasers, e.g. in [26]. The explanation
lies in the typical vacuum conditions in laser experiments. All targets are coated with
layers of hydrocarbons and the protons stem fron those contaminants. It is shown that
proton energies up to 25 MeV are typically achievable with the LULI 100 TW laser.

Taking into account the respective laser pulse energy in these experiments, we obtained
an conversion efficiency of laser energy into protons on the order of a few percent, de-
pending on actual shot parameters such as pulselength, prepulse level or target thick-
ness. At a given maximum laser energy of 30 J and a conversion efficiency of ~5%;

a layer thickness in the nanometer range is sufficient to provide enough protons to be
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Fi .3: i
; gurT1 6.3: For an electroplated Au-target with smooth surface the signal is homogenous
hrough all layers of RCF. For a target made from rolled gold structures appear in the proton

signal whi isi
g ich correspond to surface structures visible under an electron microscope

accelerated. This observed conversion efficiency agrees well with experiments at simi
lar facilities. At the Vulcan Laser at Rutherford Appleton Laboratory (100 J, 5 x 1(?11;
W/em?), conversion efficiencies of a also a few percent have been determined ’From th

PTeta\.ivatt laser with both higher pulse energy and intensity up to 13% enerév convere
sion is reported [9]. Another striking feature of the observed spectra is that ch6 Cutof_f
'energy drops sharply at larger angles, as can be seen for the W-target in Fig. 6.2 lThis
i1s the first indication for a really beamed ion emission with a rather small d‘ivc;r. enc

These feature is discussed in more detail in Sect. 6.2.2, but further details aboit tli—;

Proton signal are not port of the scope of this work and will be published in [10]

6.2.2 Divergence, Emittance and Source Size

;il: ié;l:igeulzi ;eptendence of the en‘ergy distribution of the proton beam was measured in
o pandeln3 oWays’. The two 101‘1 spe.ctrometers were positioned at different angles
diS;ri};Ut,iOHS . ) js already ex.plame‘d in the previous section. The measured spatial
i pro }(1)113 on the dispersion plane were deconvoluted (with respect to the
oy pmtlc))n ure. shape) and corrected for the spectrometer dispersion. The energy

s emitted normal to the target rear surface at 0°extended up to 25 MeV.

Th :
¢ maximum energy of the protons dropped to about 10 MeV at an angle of 13°, as
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Figure 6.4: Proton spectra at 0° and 13° for a typical Au-target. The high-energy cutoff is

strongly reduced at larger angles.

shown in Fig. 6.4 and consistent with a 2-D model of the sheath acceleration process.

The other measurement is performed with the RCF stack detectors which record the
ion beam crossection for different energies as shown in Fig. 6.3. Both measurements
yield an approximately 15° half-angle for the MeV-protons and a considerably smaller

divergence for the high energy part of the spectrum [40].

An excellent way to measure the proton beam divergence as well as the actual source
size as a function of proton energy was discovered accidentally in our experiments:
in some of the beam imprints recorded in RCF, structures and lines were discovered
whereas other shots from the same type of targets (e.g. 50 pm Au-targets) produced
a nice homogenous proton signal as is shown in Fig. 6.3. Upon closer investigation
it turned out that a number of the targets were electroplated gold foils with a very
smooth surface, while others were made from rolled gold and their surface is heavily
structured as can be seen on the electron microscope pictures in Fig. 6.3. This effect
can be put to use by shooting a target with a defined and well known structure on the
back surface. The RCF in Fig. 6.5 was recorded with a 18 ym thin Al-target with a
one dimensional grid structure on the back surface. The grid was 0.2 pm deep and had
a spacing of 3 gm . From the number of visible grid lines one can now instantly deduce

the source size. The overall beam divergence can be determined from the diameter of
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Figure 6.5: Proton signal in RCF from an 18 pm Al-target with a 0.2 ym deep and 3pm wide
grid structure. The laser shot was fired at LANL’s Trident Short Pulse Laser and contained

26 J in a ~20 pm diameter focus. The pulse length was about 1.2 ps, making for an Intensity
of ~ 7 x 10'"® W/cm? on target.

the beam imprint. A systematic analysis of the source size and beam divergence is
displayed in Fig. 6.6 and published in [94].

For most of the future applications of laser generated ion beams the beam quality is the
most important characteristic. Especially for the use as an ion source or the application
as. an inertial confinement fusion (ICF) ignitor beam, the ion beam emittance is crucial
with respect to the accelerator structure acceptance or the achievable focus spot size.
.AS is apparent from the radiochromic film data, the angular divergence of the proton jet
18 rather well defined and decreases with increasing proton energy. This suggests that
PrO.tons or other light ions accelerated by this mechanism may have a usefully small
emittance in the sense of an actual ion beam. To precisely estimate the emittance

Penumbral imaging of edges at different distances from the target was used, to directly’
Weasure the core emittance of the proton beam. This technique is closely relatea
to the conventional slit-emittance measurements made with apertures and screens at

Con 3 . .
ventional accelerators. The normalized emittance of protons from flat gold foils is
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The spot size at the rear surface decreases from 26
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developing a 2-D extension of the model in [45], suggest that we

subsequent modeling, .

ich 1 i ' d hig
) ) which is smoothly diverging an |
e its a tilted ellipse, whose width

e. From these data, we deduce

observe o
The phase space of the highest energy protons ex

ultimately is the characteristic of the ion temperatur

. . .
1 [e

C 3 re

even lower, on the order of ~ 100 eV.

6.3 Influence of target and surface properties on

the ion acceleration.

6.3.1 Plasma density gradients

is the density gradient of the preplasma. This in turn

o s ulse, or the pre-pulse level. At a focal

is determined by the contrast ratio of the laser p. o B e
0'9W /cm? even with a contrast ratio of 1077 at a few ns

acceleration a
enough to create a plasma. For the electron 1
that the prepulse also launches

intensity of 1
pulse, this prepulse Is strong .
large preplasma is beneficial, the drawback however 1s,
a shockwave through the target. .
' ) trast ratio o

e applied a prepulse at a con o
A aximum energy of the protons dropped to 2 MeV from the typ .
This is in good agreement with

of the main pulse 10 ns before

the main pulse the m "
10-20 MeV range typical of low-prepulse shots [40].
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Figure 6.7: left: simulation of the shock wave launched by the prepulse. The shock wave

reaches the rear surface at about 7 ns. middle: Interferometric image of the plasma conditions
on the front and rear target surface at normal prepulse level

at dns before the main pulse.
No shock breakout occured yet, the re

ar surface is unperturbed. right: The prepulse at 10
ns before the main pulse causes perturbation of the rear surface due to shock wave bre

akout.
No protons were detected.

the MULTT calculations, which indicate that in 10 ns a shock wave launched by the
prepulse penetrates the target and causes a rarefaction wave that diminishes the den-
sity gradient on the back and therefore drastically reduces the accelerating field. The
inward moving shock wave also alters the initial conditions of the target material due
to shock wave heating and therefore changes, e.g., the target density and conductivity.
Because of its relevance to the electron transport, we chose the target thickness such
that a considerable fraction of the target was still in its unperturbed, initial conditions.
Fig. 6.7 also shows interferometric measurements of the target surface with and with-
out the additionally applied prepulse. The interferometry detects the plasma, density

conditions on the front and rear surface simultaneously. In the figure, the laser is in-

cident from the right (uote that the bright spot is 2w emission from the laser plasma

during the pulse). As shown in Fig. 6.7, the front surface always shows the blowoff

pPlasma caused by the ASE. In absence of a prepulse (left image) the rear surface is

unperturbed and a high-energy proton signal could be detected on the RCF. When we
observed the presence of an extended plasma at the rear surface due to the applied

pre-pulse, no protons above the detection threshold of our RCF (~2 MeV)

were mea-
sured. This result is also in excellent

agreement with experiments using a second laser
to generate a plasma at the rear target surface .

6.3.2 Front surface damage

Another somewhat accidental discovery in our campaign was the influence of any front

Surface damage structure on ion signal. While it stands to reason that a damaged front
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damaged (left) and a damaged (right) target front side.

i ‘8: Beam imprint for an un | i
R d a ring structure the proton signal.

A small crater on the front side cause

' ' ' did not plan dedicating auny
§! ficial to the ion signal we
s e we had to use the 10Hz seed pulse

It turned out that the

surface 1 ;
ots towards that problem. However at one tim
Ne-alignment laser.

little pit in the target surface and instead

tion we detected a ring structure as

sh i,
to align the target instead of the usual He
weak seed pulse was strong enough to dig a
of the usual smooth disk-like ion beam cross sec
shown in Fig. 6.8.

Such ring-like str . |
mage is not the only possible explanation for suc

ing i 'l 39] and while a front

earing in experiments (eg. | out

e h a signal it is worth keeping

surface da

in mind the possibility.

6.3.3 Rear surface damage

considerable amount of energy. If the scale .
the Debye length, which for our parameters is on t

of the damage becomes large compared to

he order of a few microns, the proton

signal vanishes completely.

6.3.4 Conductors and Insulators

y shot a variety
While most of our targets were metal targets, i.e. conductors, we il;o oL ey
'1 ' insulators. ough in
y i ; targets which are 1msu

t plastic and even glass -

e signal of about the same strength and energy, the beam'cr.o
ductors but strongly filamented. The similar
xclude the origin (surface or

also produce an 1on
section is not homogenous as with con

beam patterns obtained from plastic and glass targets e
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bulk)

contr

of the protons to be the reason for the onset of the filamentary structures. In

ast, due to the strong coupling of the ion acceleration mechanism to the electron
distribution at the rear surface of the target the smooth, laminar beam quality from
metal, i.e. conductor targets, indicates a rather homogenous electron transport through
the target. Insulating material seem to disrupt the electron transport, which causes
filamentation of the electron distribution and therefore also a non-homogenous ion
acceleration. The dependence of the electron transport on target conductivity has
been observed by other research groups as well. As mentioned above the preceding
ASE leads to a shockwave that preheats the target, thereby changing the conductivity
of the insulating targets. However, in our experiments the target thickness has been
chosen such, that a considerable fraction of the target material was still in the cold,
solid state by the time of arrival of the main pulse.

6.3.5 Curved Targets

An important question to be addressed for any future application of laser-accelerated
protons and ions is the possibility of tailoring the proton beam, either collimating
or focusing it, by changing the geometry of the target surface. Ballistic focusing of
the laser accelerated protons is expected to be rather difficult because of the inherent
divergence associated with the spatial density dependence of the hot electron sheath,
which drives the acceleration. Accordingly, we first attempted to defocus the beam in
one dimension, by using a convex target. Using a 60 mm diameter Au wire as a target
basically constituted such a one-dimensional de-focusing lens, and we observed a line
as shown in Fig. 6.9. Tilting the wire also changed the orientation of the line, which
results from the radial, fan-shaped expansion of the protons normal to the wire.

If one wants to focus the ions, there is an energy dependent angle of divergence that
has to be compensated for. Therefore the effective focal length of a curved target
rear surface is dependent on the ion energy. First results, that will be published in
[95], show a strong reduction in the divergence of the central core of the proton beam
representing ballistic collimating of laser produced proton beams.
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Apertures for
lon Spectrometers

Proton beam

Au- wire 60 um

CF images of experiments with 60 pm gold wires.

Figure 6.9: Experimental setup and R
limating cylinder-lens. Accordingly the proton

The convex rear surface constitutes a de-col

beam was formed into a line.




Chapter 7

Acceleration of light Ions by
short-pulse Lasers: Experimental

Results

In this chapter, the first experimental study is presented, demonstrating that besides

Iso high-brightness, high-energy (~MeV /nucleon) ion beams can be accel-

protons, a
ast chapter and also

erated from the rear surface of thin foils. As was shown in the 1

observed by other groups experiments, no matter what target material is chosen, one

always excites predominantly protons. These protons stem from hydrogenous impuri-

ties, such as water vapor and pump oil, adhered to the target surface. Due to their

ass ratio, the protons are accelerated more efficiently and outrun the

larger charge-to-m
By removing

other ion species thereby screening the accelerating fields for the latter.

the hydrogenous surface contaminants one can therefore increase the field coupling to

Leavier ions and accelerate them efficiently. Using the Thomson-parabola detector de-
Chapter 5 high-resolution, absolutely calibrated energy spectra of different
ained. From these spectra additional infor-
tion of the

scribed in
ion species and charge states could be obt
mation, not contained in the proton signal, about the spatio-temporal evolu

accelerating field and the origin of the observed ions could be extracted.

71 Removal of Hydrocarbon Contaminants by Tar-

get heating

wn in Chapter 6, no matter what target material one chooses, one always

As was sho
This is due to the fact, that because of the technical setup and

accelerates protous.

experinienting procedures at high-power lasers the vacuum in the target chamber is
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on the order of 10°mbar i

o e o Oﬂ_vapoinel;ill.l x:t thlSl pressure levels all surfaces are coated by films of
it al tonote o hwé ‘ \A len using theoretically oil free components. That means
e e Chm‘ge_toinmfl(?to.ns pr?sent at their surfaces, which due to their at least
o o e (_h; % 15?1,10 , W1111 always be more effectively accelerated than any
e 1 .< rge state. Thereby the protons take up the major part of the
e ce gy and screen the accelerating potentials. To efficiently accelerate other
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e S | . 1th resistive heating being
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L ‘kg 10 A current at ~12 V was run through the target, which required
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pumber of targets burned through prior to the laser shot. Once the right parameters

were established 1t was crucial to fire the laser as quickly as possible before burnthrough

occurred. Subsets (a) and (D) of Fig. 7.1 show the measured Thomson parabola signals

of unheated and heated aluminum targets coated with 1 pm carbon. From the unheated

rotons were accelerated, the ion pumber being 1more than two

target basically only p
an in detail

orders of magnitude lower and hard to spot in the scatterplot without

analysis (comp. Fig. 7.3). In the case of the heated target the ion signal becomes

clearly visible, even dominating the proton signal which 15 Lowever still present, though

reduced by more than an order of magnitude. In combination with
targets the resistive heating cleaning procedure showed its potential by removing a big

hance ion acceleration in overall 1on numbers

the aluminuim

enough percentage of hydrocarbons to en

as well as in ion energy and conversion officiency of laser energy to ions. However

it became clear that higher temperatures are required to get rid of all hydrocarbons

and this could not achieved using aluminum substrates. Therefore tungsten target
d in the later runs which were heated until they were white hot
ove 1300 K. As shown in subset (¢) of Fig. 7.1 the procedure worked
perfect for tungsten targets and no protons were left on the target qurfaces at the time

of the laser interaction. The ion energy was increased further and also the energy
detail. Subset (d) finally

gubstrates were use

glowing, 1.¢. well ab

conversion efficiency as discussed later in this chapter in more

shows the results of the laser cleaning process. The respective 101 and proton fractions

compare to the resistive heating case for aluminum targets, L.€. enough protons are

removed to make a difference to the unheated case but the conditions are atill far from

optimal.

7.2 Energy Spectra, Yield and Divergence of the

ion bunches

Using the two Thomson parabola detectors in conjunction with the automated scanning

microscope and the custom made patteri recognition and analyzing software described

in Chapter b it was possible to obtain absolutely calibrate
ies and charge states. Apart from demonstrating the abil-

otons also heavier ions at various charge states these

d, high resolution energy

spectra for different ion spec

ity to accelerate except from pr

spectra contain information on the underlying physical processes not available in the

e charge state distribution and the cutoff energies of the individual

proton signal. Th
1 tale sign of the dominant ionization and recombination pro-

charge states are & te
cesses. Also they yield information on the field strength and the spatial and temporal

extensions of the acceleration process. The highest ion energies were achieved with

e <
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no protons|
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Figure 7.1: (a) lon traces from an unhes
o S | : .ated Al|C-target on CR39. A strong pro ir
S faint'm(lf)(; 20; zi)lgltmg at 1t's onset is clearly visible while thegioz stl(g)ialllnl:
mon Sig;lal 0 |1 ‘—ta,rget resistively heated to ~800 K shows a strong increas
e :;, l\;ven%e the [)rOt(jll s?gnal is reduced. (c) By heating W—tzug(eiz
e 1le),1noved. The ion signal and energy is strongly enhance,d
e : o-target cleaned by laser ablation with a nl.]—;ls Nd'YA”G
e the main pulse. The result is similar to the resistive heatil;g for

Al-targets: i
ets: The ion si i
sign ’ '
gnal is enhanced but a substantial proton fractio
action remains.

tungsten target: itl i
e i(ﬂetss ch(i);‘:e:lh:vlillth C}al(ilTllll Fluoride (CaF5), however due to the multitude
S e Cal.? _tajli zlzfmll ge—‘to—r.na.ss ratio the detailed analysis proved to be
e ininVJid 1gjelst uorine ions, calcium ions and residual carbon ions are
e i i E.lt .re.mces over?ap. Fig. 7.5 shows an example of a deuter-
e e« :‘1 is just possﬂ)'le to recover most of the traces and obtain
e unambiguOUSl., > Nb[e olne Al-trace is missing while one other trace cannot be
o o il Only. . uch b.etter results could be obtained by using a Silllplel:
L th}; poice?m.al (and 5 observed) charge states. The modelling
e ?lcce :11851011 mechan.ism is therefore done using the carbon
ot ol the tedomen 1 mbed;e : \ -targets which could not be heated enough to drive
o it el o s ed in the cz'u“bon matrix, turned eventually out to be 'dl;
e Spectl; 1 l, 1 111ore' detailed analysis of the influence of the hydrogen
al shapes, since now a series of different fractions of hydroi‘en
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no hydrogen) could be studied in experiment and compared to simulations as is done

in Chapter 8. Finally, also Deuterium spectra were obtained to supplement the mea-

surements by S. Karsch ([1 1]) on fusion neutron generation and ion acceleration within

the laser focus region.

» 2.1 Carbon Spectra
While the main in energy i1 the case of unheated targets 1s transferred to protons,

other target ions are accelerated, too. For all unheated targets however the main part

of the accelerated ions stems out of the contaminating hydrocarbon layers, resulting

in acceleration of carbon ions independently of the target material. Thus, carbon

spectra were obtained from a variety of different targets, and could indeed also be

obtained on shots dedicated to other experiments. Consequently,
best candidate for all comparisons

carbon spectra form

the majority of measured spectra, making carbon the
and systematic studies. Figure 7.2 shows a typical result fo

performed on planar Au and Al targets set up to study the proton beams quality. The
and the corresponding carbon spectra

r a parasitic measurement

picture shows the Thomson parabola raw data
for both targets. As noted in Chapter 5 there are three major difficulties in obtaining

a proton spectra from the Thomsonparabolas: The crater size in the CR-39 depends
on the energy loss of the particle and is substantially lower for protons than for other

ions. Consequently proton tracks will be much smaller and reach the resolution of the

used scanning microscope at about 3 MeV. To circumvent this problem one has to use

longer etch times, thereby enlarging the tracks. However, due to the enormous particle

high track densities on the CR-39 this

numbers in the experiments and the resulting
d again prevent a detailed counting.

would cause the tracks to overlap significantly an
avier ions the choice of pinholes, detector stand-off

Since the main goal is to analyze he
This means that

distance, and etch conditions were optimized towards that purpose.

the high energy part of the proton signal above ~3 MeV could not be counted and the

low energy part is frequently too dense to give a very accurate counting either. The

proton signals as obtained from the Thomsonparabolas have therefore to be judged

as a mere lower threshold while the real spectrum shows substantially higher energies.

This choice of experimental parameters was further motivated by the fact that an

independent proton spectrometer was operated on the experiment. The data obtained

from that diagnostics will be presented in [10}.

Both targets were irradiated with approximately the same laser energy,
like carbon charge state is at slightly

~11 J, and for

both targets the high energy cutoff for the helium-
above 0.5 MeV /nucleon. This is a fairly typical cutoff energy for all unheated targets.

When one looks in detail however, the Au-target shows slightly higher energies and 1ol
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e i subst ate ot 50 pm thickness coated on the backside with 1 pm of
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Table 7.1: Conversion efficiency of laser energy into carbon ions for an unheated (u/h)

Au-target, an unheated (u/h) AljC-target and a heated (h) Al|C-target (reduced proton
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cannot be accounted' (’)]1;1 1"0' on signals are strongly enhanced and the high energy cuto | 1‘; 1ae
AlC-target (_50 ‘um)‘c leelrs.ion officiencies of laser energy to ions for all thr'ee targets: i;n
higher eze;gles.ts(jlzowo;l‘;imﬂar behavior. The heating increased the energy i the heavy
unheated targe

signal by two orders of magnitude.

ter vielded typically ~ 102 protons of up to 25 MeV, 1foor 1‘1nheatediZ:1§fe’lﬁlSI~)
spectromee’ 7 the number of protons is reduced to ~ 1019 with energ |
Fos e Al_targets:i b1e the RCF-stack. The high-energy cutoff of the cau_"bon1 11011;
N 3Ni)ev iif‘:;lﬁ;;nEZ ai;d the number by two orders of magnitude t(il ~ Zaxstlg?nd‘ard
rises by a , ed targets as well as
detailed comparison Eet:):?d t:zle,l{;?t(;(_ll :al%dh :I;Siizrsmn ffﬁdenw o Thser SHETEY
50pm Au—té.trget can :creases by more than two orders of magnitude from 0.002% ti
into heavy 1(.)11 energzl’ 1 As one can see in Fig. 7.4, the acceleration is most efﬁmeil
0.5(Vé Se.e Flg.wzt-i ; zl)).ectral cutoff at ~1 MeV /nucleon at the high-energy-end. The
for -ions, 2

main acceleration and energy transfer processes happen during the time of highest field
strength, on a timescale comparable to the duration of the laser pulse. The C°"charge
state alone shows lower energies and much lower numbers than its predecessor, sug-
gesting a different ionization mechanism than for the other charge states. While C!*to
C**tare created almost instantaneously in large numbers by field ionization as soon as
the field reaches the ionization threshold (comp. Chapter 3), C**ions seem to be cre-
ated by collisional ionization during the whole process. As will be explained in more

detail in Sect. 8.1.2, the low cross section of the high energy electrons and the rather

delocalized spatial and temporal origin lead to the lower numbers and energies.

The highest carbon energies were obtained on a shot dedicated to neutron production

with a Al-target coated with CD;. Resistive leating was not possible because the

Deuterons would be removed as well, so laser cleaning with a ns-pulse laser a few mil-
liseconds before the main shot was tried. While this method was employed on a number
of occasions and usually produced the same results as resistive heating of aluminum
targets, i.e. ~1 MeV/nucleon ion energies, in this particular case the timing and focal
conditions of the cleaning laser seemed to be better suited for the task and a greater
fraction of Hydrocarbons were removed. This resulted in higher numbers of heavier

ions and helium-like carbon and aluminum ions with energies of ~2.5 MeV /nucleon as
can be seen in Fig. 7.5.

7.2.2 Fluorine Spectra

Even better results were obtained using tungsten as a target substrate. 50 pm tungsten
substrates coated with a 300 nm thin layer of CaF, were used as targets both heated and

unheated. The higher heating temperatures resulted in an alimost complete removal

contamination). All targets were 50 pm thick. The ion charge states are denoted by Q.
u/h Au u/h Al|C h A]|C
Q Ton Eabs Conv, Ton Eabs Conv. Ton Eas | Conv,
No. [J] (%] No. (7] (%] No. [J] (%]
1 4108 | 2.7107% [ 1.5:1074 || 7.9-108 | 7.9.107° | 4.10°4 2.10'° | 0.004 | 0.013
2 | 6.7-10% | 6.2.10°° | 3.4.107* || 8.810% | 1.7.10~* | 8.3-10~* | 3.3-10'° | 0.009 | 0.034
3 || 1.5-10° | 1.7.107* | 9.7.10~¢ 1.3:108 | 3.5-107% | 1.8-10~% || 5.7-10'° | 0.026 | 0.096
4 | 7.5.10% | 1.810* | 0.001 6.5-108 | 3.4.107% | 0.002 9.9-10'° | 0.081 | 0.3
5 4.5.10° | 0.005 | 0.017
¥ 3.3-107 | 4.5.107% | 0.002 2.5.10" | 6.2.107* | 0.003 2.1-10'1 | 0.12 0.5
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Shot-No: 10261350_183; AJ|C (50[1 pm), heated
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Figure 7.4: Carbon spectra for a heated Al|C-target (50 pm): The ion signals are strongly
enhanced and the high energy cutoff occurs at higher energies. The cutoff energies and ion

numbers increase with increasing charge state.

of hydrocarbons. As shown in Fig. 7.7 the proton spectrometer did not show any
protons, while for an identical unheated target a typical proton spectrum for this
target thickness was measured (see Fig. 7.7). The proton spectrometers lower energy
cutoff is at ~2 MeV, while the Thomson parabola detects protons between 200 keV
and 3 MeV. Since the CR-39 also showed no protons for the heated target we can rule
out any significant amount of high energetic protons. The energy transferred instead
mainly to the fluorine ions, especially the helium-like charge state. As shown in Fig. 7.6,
energies up to 100 MeV were achieved for fluorine 7+ ions. This corresponds to more
than 5 MeV per nucleon, the highest energy so for achieved for laser accelerated heavy
‘ons. This finding is confirmed by the RCF data, shown in Fig. 7.7. A narrow spot
appears in the first layer, which, in the absence of protons, indicates fluorine ions of
energies of more than 4 MeV /nucleon. This is also the first measurement of a heavier
ion heam profile and agrees well with the observed proton signals, as will be discussed
i1 Sect. 7.2.3. The conversion efliciency of lager energy to ions was again increased by
one order of magnitude. The F'+ions alone hold more than 4% of the laser energy.

The lower charge states however could not be distinguished as well as in the carbon
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Shot-No: 06011158_33; W|CaF, (500.3 um), heated
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unheated W/CaF,-target

heated W/CaF ,-target

Figure 7.7: RCF and proton spectrometer raw data for shots on cold and heated W|CaF,-
targets. For non-heated targets the typical proton spectra was measured and the RCF de-
tectors showed the usual beam profile. For the heated targets the proton signal completely
vanishes, disproving the existence of high energy protons. The first layer of RCF shows a,
narrow spot, similar to the deeper layers, i.e. the high energy tail, of measured proton spec-

tra. In the absence of protons this spot has to be caused by heavier ions and corresponds to
fluorine ions >4 MeV /nucleon.

Another data point, this time for the low energy component could be obtained by
replacing the RCF stack with a CR-39 plate. This will record ions of all energies i.e.
especially all the low energetic particles. Due to the high flux, the CR-39 detectors
are completely saturated with overlapping pits, making particle counting or any other
quantitative analysis impossible, the overall transversal size of the ion beam however
can be distinguished clearly. Again the ion beam divergence for low energies agrees
with the proton data.

A more detailed measurement over the whole energy range was measured by employing
two Thomson parabolas under different angles. The target chamber setup allowed for
angles of -6.5°, 0°, and 13°, although only two angles could be occupied simultaneously.
From our detectors we obtain absolute ion numbers for the small spatial angle of the
spectrometers of ~ 10® sr. Fig. 7.8 shows that the ion spectrum is tairly constant over
an angle of ~7° but drops steeply at 13°. This is true both for a moderately heated
case where still a sizeable fraction of protons is left as in subset (a), as well as for the

pure ion case shown in subset (b). Fig. 7.8 (a) shows C**spectra from resistively heated

targets measured at three different angles, 0°, 6.5°, and 13°. The 0° and 6.5° spectra

where obtained at the same shot, while the 13° spectra was obtained on a different shot.

As can clearly be seen, the first two spectra are almost identical, a behavior ohserved

on almost any other shots for 0 and 6°. For larger angles however the spectrum drops
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Carbon Spectra from heated targets at different angles

Target: W|CaF, (10]0.3um}, heated)
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Figure 7.8: (a) O+t gpectra at 0, 6.5, and 13° from heated targets. The spectra at 0° and
6.5° were measured on the same shot. Due t0 the substrate a major proton fraction was still
present, but the ion acceleration was enhanced. (D) FTtspectra at 0° and 13° from the same
shot. The targets were resistively heated and most of the protons could be cleaned of. In

both cases the 13° spectra are strongly decreased.

dramatically. The difference between the first two and the 13°spectrum in subset
(a) might theoretically be accounted for in part by the difference in laser parameters
hetween the two shots. The two F™Tspectra in subset (b) for 0° and 13° however
were obtained on a single shot and show the characteristics. 1t 18 therefore safe to
conclude and furthermore in agreement with the data discussed above, that the ions
are emitted in a tight beam with a opening angle of ~13° as observed for the proton
acceleration. Furthermore the measurements show that this behavior holds true over

the whole spectral range of accelerated particles.

7.2.4 Source Size

A direct measurement of the source size as done in the proton case was not possible
for heavy ions. RCF-detectors do not work due to the diminished range of heavier
particles. CR-39 does not work either for this special measurement due to the ex-
tremely high current and particle densities which saturate the CR-39 and the possible
detector distances and render a qualitative analysis using track counting impossible.
Since however the performed divergence measurements reproduce exactly the proton

properties it seems reasonably safe to assuine the same features in source size.
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the neutral atoms are not accelerated and therefore have a much longer overlap time
with the warm return current.

This finding is confirmed by a direct measurement. On all CR-39 track detectors from
the Thomson parabolas an image of the pinhole can be seen. This must be formed
by the low fraction of ions that actually recombine and are neutral upon entering the
Thomson parabola . The number of ions in this zero-order image can be counted by the
auntomated scanning microscope and for all analyzed shots it turns out to be between
0.1 and 1%. This is in good agreement with the spectra as well as the FLY-simulations.
This behavior is fundamentally different from that observed in the carbon spectra in
long-pulse experiments (3], where recombination played a major role and all charge
states were found to have the same cutoff energy.

8.1.2 Ionization

Earlier work with ns-laser-produced C and CH plasmas demonstrated that the ion
spectra can be used to infer the hot electron temperature. As noted previously, the
lonization in those experiments was thermal from the direct laser heating, and T, ., was
nearly constant throughout the expansion ([3, 26] and ref. therein). For hot plasmas,
only C®twas present, and the other charge states were populated by recombination
during the drift phase after the acceleration, leading to very similar energy spectra for
each lonization state. From the ion spectra and their charge state independence an
isothermal expansion with Tehot ~ 10 — 100 keV could be identified as the dominant
mechanisms ([3, 26] and the acceleration could be described by a self-similar solution
(see [97], Sect. 2.3.4).

As was shown in Chapter 3 field ionization dominates by orders of magnitude over
collisional processes for our set of parameters and for charge states up to He-like.
For C°*, VV%’Z‘ is stronger than W,pr, which explains the different spectral shape
and lower numbers for this charge state. Due to the short timescales (~fs) and high
electron temperatures (~MeV) involved in short pulse experiments, Field lonization
by Barrier Suppression (FIBS) in the strong transient electric field dominates, leading
to charge state distribution depending on the temporal shape and cooling hehavior of
the laser-induced electron pulse.

8.1.3 Field Dynamics

Having established that the ion spectra and charge state distributions are directly
linked to the lonizing and accelerating E-fields we can extract information such as

field strength, which is not available from proton data. With FIBS as the dominant




8.1. ACCELERATION MECHANISM 93

ionization process the k4 -ionic state 18 created as soon as the clectric field is above

the threshold

2
Uk EgT
By = ;
e/

¢ limit for the electric field stre
acceleration time 7
The acceleration

and 18

(8.1)
as an uppe neth that a k+ -ion has
a lower limit for the
pergy for a given charge state.
L ion has to travel during acceleration
lds.

ctive time ¢ > fs 18

We can use Fpp —¢€
This also defines

()hH{-‘l'\-'("t'l lllil.}{illﬂ.lll] ion e

experienced. min yrequired to
achieve the

th " is the minimal distance al

leng
| spatial extension of the fie

a measure for the minima
(2Hion can have expe
This field causes the maxil
ray cutoff for C*Fis at Winae
Tymin AN 10N 1Must have spend

therefore
The maximum field a
therefore EYYT < 1.3 % 10"V /m.
itched on and off. The high ene
acceleration time

rienced for any effc
nal acceleration if it is
instantaneously sw ~6MeV
as can be seen in Fig. 7.4. The minimunm

i the influence of the field Eje® is given by

2 n It nar m

(82) T}zmn — __Eﬁ_a_x_q__

7.4 this results m a minimum acceleration time of 4.6 ps,

considerably longer Ise and therefore the source of hot electrons. For
the F'+-ions (Fig. 7.6) feld strengths between 0.9 and 23 TV/m would be possible.

Assuming a field strength of ~2.5 TV/m as calculated using (2.22), the minimum
cleration time 1s ~350 fs, i.e. the laser ation. Taking this method one step
lerating fields can be estimated by calculating the

. i i . .\ k . . ;
ion. The distance [y, 18 8IVeD by

For the C?t-ions in Fig.
than the laser pu

ace pulse dur
further the scale length of the acce

distance the ions move during accelerat

A ma g 4
(83) 121171 — ;qn T?Jnn)? .

rine are tabulated 1n

o states and the helium-like fluo
ne for three different

The results for all carbon charg

Tab. 8.1. For the helium-like charge states the calculation is do
the minimum and m and an intermediate value given by

lts from intermediate field values are in good agreement with other

d Debye-length.

field values: aximum fields

(2.22). The resu
s, such as laser pulse duration an
alistic field form is assumed ra
Tab. 8.1 become even larger.
e modelled field rises with the laser p
Eper ~ 5TV /m is still too large and much

alt

parameter
ther than a box-like profile with infinitely

Fig. 8.1 shows an example
ulse and decays

1f a more re
steep gradients, the values in
for C4-ions. In this case th

exponentially. The maximum field with

94
CHAPTER 8 INTERPRETATION AND THEORY

Table 8.1: Ionizati
N zation potentials :
model and an ideal (1)091(1(')1 el)ltldlb and corresponding field strengths according to the FIBS
e ike) accelerating ‘tric in 3 7 o
ng electric field. 3" is the minimum field duration

and {"" is the minimum acceleration length
Charge Uy E, |
state [eV] v/ };11] [bi;/?:lﬁ T]E”"'i" P
C1 11.16 | 2.2:10'° | 5.2.10" p§] o
5.2-10 16 58
C2 24.38 | 5.2.10%0 [ 1.3.101° | 4.6 23
(Cj?) 47.89 | 1.3-10'" | 1.8-10" 2.7 17
4 64.5 | 1.810" [ 1.8.10'" | 2.4 17
C4 64.5 | 1.8-10' | 1.2-10'? | 0.35 2.5
C4 64.5 | 1.8.10" | 5.3-10'2 | 0.08 0.6
Cb 392.09 | 5.3-10'2 |
C6 490.00 | 7.0-10'2
E; 1:22 8.5-10!! | 8.5-10" 10 17
9 ETE
o7 | 15 85100 | 25100 | 001 | o6
. 310 0.04 0.6

> lase )

maxir
ximal value of ~ 1.75TV/m instead of 1.2 in the boxlike ca
1se.

I t ey “ ¢ . e ‘ : ] ]
C | 2 ]1 I ere¢ € 111 Datla

alua s . . s C

min

ovel ~ 3 0 Tl 1 b4 - ) [ (4

of [ ~ 5 pm. The shot

- shot presented in Fig. 7.6 was vir i
modelled fields ce n 7.6 was virtually without any protons, but ¢
. | can accelerate H+up to ~25 MeV, as typically obser . , bug the
argets (see Fig. 8.2). : ally observed with unheated

This first evaluations s :
R :ji zhrc;\x; mth;t )the TNSA-model explains the occurence of high energy
U Char] ;os ) utce the measured spectra. It does not however, explain
P fn ) a efand has to be considered incomplete. The estimated
. timesc;leg ionsr or the fields accelerating the lower charge states fake
e (,;ur.e V lva id mode'l f?r larger timescales would be the isothermal
o o 1 wvic 1' [97] and similar models which work well for accelerati
sers. However, the ansatz to describe the high energetic part o? 11:(1)12




95
ACCELERATION MECHANISM

5T

E-Field [V/m]
&% 8 3

—
-

o00f  400f  600f  800f  1p
t[s]

-200f 0

At In order to achieve the right cutofl energy the
elds for C*"-ions. In o ot ey
aximum field is much shorter than t
ment with TNSA-model

Figure 8.1: Accelerating fi

field duration and strength are varied. The m

l € e llle (1 1 l 1 ()l ( 1 € 1 lse 1S 111 O (1 ree
pll se.

predictions with respect to the field strength.

i s ne the measured
haree states does not work either. It reproduces nelther. e
for the lowe G te balance. The most promising way to theoretically desc
ate | :

spectra nor the charge st ations, which

will be discussed in Sect. 8.2.

8.1.4 Front- versus Rearside mechanism

i been a dis-
ort-pulse laser ion acceleration there has bee

ir n sh “ o
Since the first experiments o s the v

. ] 'ticles.

agreement about the origin of the observled pal,ltlc es sgest, the acceleration of front-

' 0, 52, 50], while others su -

e TNSA mechanism [90, 52, o 39, 47, 46]. While 1

Surfface tons in the charge-separation field in the laser-plasma [ b’ . thi U

~ ro . R : ,
e that both mechanisis exist, there is still discussion apou
ar tha >

is now cle

ness of each mech

e e ing pr it is 1 ossible to de
this dispute is that in measuring protons it is not p o s o
wl ‘e e the protons are coming from. Due to the vacuum condition: 1 ere : rfawc yh&
o e e eliably clean only one surface has
ulation on both surfaces and a method to r liably cl
: op
proton p

96 CHAPTER 8. INTERPRETATION AND THEORY

yet to be demonstrated. Maksimchuck [46] circumvented this problem by accelerating
deuterons coated on the front of an Al-target. A nuclear reaction in a 1°B catcher
which is sensitive to deuterons but not to protons was then used to distinguishe the
particles and proved the existence of a front swface mechanism. We where able to
reproduce those Hieasurements in more detail in our recent experimental canpaigns
at LULI and LANL (to be published). However, the deuterons out, of this front lay-
ers have comparatively low energies of ~5 MeV and cannot explain the high energy
proton signal. Furthermore when doing the reverse experiment with deuterons on the
back, the proton contamination poises the acceleration process for the deuterons as
was shown in Chapter 7 and Sect. 8.2.3.

By accelerating heavy ions out of prepared source layers, and removing the proton
contaminants we unambiguously prove for the first time the existence of an effective
rear-surface acceleration mechanism. The deduced electric field for the high energy
particles is consistent with the TNSA-model and explains the proton energies observed
In our experiments, as is showed in Fig. 8.2. These experiments, published in [43],
together with experiments showing that the acceleration is disturbed by a plasma
at the back surface (Chapter 6 and [50]), the detailed Boron measurements (to be
published), and the neutron experiments published in [98] lead to the conclusion that
the well-collimated high energy ions stem from the rear surface while the protons from
the front surface are of much lower energy and show a larger divergence angle. This
explanation is also in agreement with 3D-PIC simulations by Pukhoy [48] and Ruhl
[99] and finally resolves the proton-origin controversy.

8.2 Computer Simulations

Understanding ion acceleration by short pulse lasers with the help of Computer Simu-
lations

The old self-similar solutions which can analytically describe the ion expansion in the
case of a long pulse laser do not work for ultra-short pulse laser interaction. While
clearly an isothermal expansion takes place on longer time-scales, after the laser-plasma
interaction is finished and some degree of cooling has occured, the main interaction is
driven by other processes. The two main requirements for the self-similar ansatz as
described in Chapter 2 to work are not fullfilled in the firsg stages of acceleration. These
fequirements are charge neutrality and a constant temperature during the expansion.
While overall charge neutrality is of course fulfilled for the system, the acceleration
by ambipolar space charge fields requires locally, i.e. at the coordinates where actual

ecleration takes place, a strong negative charge distribution to create the field. The
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mechanism for the electron distribution. PIC-code simulations by Y. Sentoku [42]
suggest an oscillating electron population which charge neutralizes the beam and keeps
an accelerating gradient at the tip of the ion front. This however cannot be described
by our simple model but needs a full PIC-code description. Therefore this kinetic code
was discontinued in favor of a cooperation with the theory group at GA where much
more accurate and complete PIC-codes could be used to study the acceleration physics.
However to get a first idea of the physical processes involved, especially the ionization
dynamics, as well as to predict the highest charge state energy spectra for given field
parameters the kinetic model is still a useful tool, especially since it can be run in finite

time on a normal PC and does not need large parallel cluster machines.

Exemplary results of the simulations are shown in Fig. 8.2. The spectra for the highest
present charge state is reproduced within an order of magnitude (see Fig. 8.2 (a)).
Fig. 8.2 (b) shows that the ion distribution starts out stratified - i.e. C!'* closest to the
surface, followed by C?*, C3*+ and finally C*4* extending to the edge of the expanding
ion front. This is different from the measured data, where the high energy cutoff is
still increasing with charge state but the spectra overlap and e.g. the fastest C**-ions
have more energy than the slowest C**-ions. This discrepancy is understandable since
the simulation only runs on a time scale of the laser pulse duration. The interaction is
however highly dynamic and gets increasingly complex as the system cools down after
the pulse. That first period of ~0.5 ps is shown in Fig. 8.2 (¢). When the first laser-
heated electrons enter the vacuum behind the target, they create a highly dynamical
situation, different from that in the simple TNSA model. When more and hotter
electrons arrive at the surface, the field increases until Egu = Ey. Now FIBS sets in
and the produced ions and electrons decrease the field at the surface. An equilibrium
between the growing external field and the surface ionization rate keeps the field at
the surface always at F;. The created ious are accelerated into the vacuum whilst
the freed electrons are pushed into the target. Whereas the field close to the target is
shielded by the ions, the unshielded field in vacuum keeps increasing. The position of

the maximum electric field moves outwards into vacuun, ionizing the outermost ions
further (see Fig. 8.2 (b)).

As long as there is a source of hot electrons, nearly all ions are sequentially ionized
to C**. This sequence happens extremely fast during the rising flank of the electron
pulse on a temporal and spatial scales of femtoseconds and nanometers respectively.
The low charge state distributions have to be created either after the pulse requiring

two orders of magnitude longer time scales or in field-fringe-regions of the electric field
requiring a fully three-dimensional simulation.
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work. The other three sections then describe future perspectives within this fields,

proposing near future experiments to further explore the acceleration physics and dis.
cussing further prospects of what to expect from next generation laser sources and

finally giving exemplarily a number of immediate applications of laser accelerated ions.

9.1 Modified picture of the acceleration mechanism

The basis of our current picture of the acceleration physics is still rooted in the TNSA-
model. However, due to the discoveries made during the course of this thesis sole
important modifications and limitations have to be made. The TN SA-model correctly
estimates the maximum field strengths and the maximum energy for the ion species
with the highest charge-to-mass ratio . Beyond that, it is far too basic to explain the
underlying physics. As we see from the simulations in Sect. 8.2.1, [43], the field is
not really quasistatic but shows a very dynamic behavior. It also does not reach its
maximum directly at the target surface but at a short distance hehind it. This is caused
by the fact that at the surface there is an unlimited supply of potential positive charges
(the target atons), the ionization happens quasi-instantaneously and the freed electron
is pushed away into the target. Therefore, any additional electron adding to the charge
distribution and thereby building up the field, is immediately neutralized directly at
the surface, once the field exceeds the first field ionization barrier. Already a few nm
further out this condition does not apply anymore and the field ramps up very fast to
its maximum value of several TV/m for typical laser parameters. During the course
of acceleration the maximum of the electric field moves out into the vacuum with the
moving ion density. If not only one charge state is accelerated, as it is always the case in
an experiment, then the charge state with the highest charge-to-mass ratio outruns the
others and screens and modifies the accelerating fields. By measurements and PIC-
calculations we could show that the contaminating protons not only inhibit the ion
acceleration and that by removing them one can effectively accelerate heavier species
[43], but that they also influence the spectral shape of the other charge states (see
Sect. 8.2.3, to be published). Another important result is that we were ahle to measure
lower limits for the time-constant of the acceleration process. While the highest charge
states are accelerated on a time scale equal to that of the laser pulse, the acceleration
of the lower charge states takes considerably longer. A possible mechanisin which could
explain that phenomenon was suggested by Mackinnon and Sentoky iy [42] to explain

the increasing proton energy with decreasing target thickness, Their measurements

and PIC-simulations indicate recirculating electron populations which retain a high

temperature and density long after the laser pulse is terminated. One still missing

|
ﬁ
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piece of the puzzle is the origin of the low charge states. Up to now no simulation
could reproduce the measured charge state distribution correctly. Two possibilities are
discussed at the moment. The first one asks wether these charge states constitute a
3-dimensional effect by originating in the spatial fringe reglons of the accelerating field.
In this case a 1D-simulation is fundamentally unable to reproduce the low charge states.
The second notion is that the low charge states only start to accelerate when the field is
cooling, requiring very long simulation runs and the correct electron transport physics,
taking into account recirculation and trapping in the ion potential. Both possibilities
are currently worked upon theoretically and the next section suggests an experiment
to measure the effect directly.

To leave the reader with a picture of how the ion acceleration by a short pulse laser

works in a very simplified but illustrative way, the current model is schematically

displayed again in nine time steps in Fig. 9.1:

9.2 Future Experiments

Although the principle is simple, as discussed above there are still many open questions
concerning for example the process dynamnics, the cooling times, the spatial setup or

the screening processes, all of which have to be understood in order to optimize the

process for future applications.

9.2.1 Time-resolved measurement of the accelerating electric

field

As described in Chapter 7 and [43] the dynamics of the acceleration mechanisms are
far more complex than described by TNSA or any other current model. Clearly, a
dedicated experiment is needed that explicitly addresses the temporal behavior of the
apparently not-so ” quasistatic” accelerating fields. With the new upgrades to the
LULI 100TW laser facility currently under installation, which comprise a second pulse
compressor, it will be possible to have two ion generating laser pulses. As was shown
by Borghesi et al. in [51] the laser generated proton beam can be used for a time-
dependent measurement of strong electric fields with a ~ps time-resolution. As we
were able to show in our previous experimental campaigns at the LULI-laser, this is
the time frame for the acceleration of low charge state ions. We therefore plan an
experiment in which one of the two pulses is used to make a high energy proton burst
to generate a time-resolved radiographic image of the acceleration process at a second

target. This second target is then placed at a 90°angle and a cm distance to the first
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Figure 9.1: Schemati i i
P Onﬂ;;su(;i 1:::; 1ndtuce‘d ion acceleration: (1,2) A laser pulse is focused by an
ool fmn}t Sid9011(4ariet. (2,{%) Prepulses and ASE create a plasma density
o et ot o t,l. ‘ ) he main pulse interacts with this preplasma (5) ac-
P Ch; ‘nc;lugh the target. (6) These electrons set up an ultr;—stron ;
o, st (CH:lgréenr)ge(Selr([i‘ at .the‘ rear surcface. (7) This electric field ionizes thi)
e e gt s (e .1 ) he 1omz.ed atoms start moving and are further ionizeci
, : green; scales: fs, nm). (9) The ions are accelerated to MeV

g t 7 g]. clla y 11 .

target. It consis 1i i

e e flsa Soft ;1, g:ulll V\t]_g)l.l coated with a light ion source layer like LiF or
ot of the e :a ed in order to remove the protons, so the light ions
. pérab l accelerated. The ion spectra from this target are to be
i e .o ? sﬂpect.rometers as done in previous experiments. Those
e demonstm:e dm. ormation on the field strength and spatial and te111p01:a1
R 11'1l [43] an‘d Chapter 7. These measurements combined
o L ﬁg(iz sdlould ?fleld the necessary information to form a more
e e measu.ren et ’ynamlcs.' The key parts of the experiments, namely
o roduetl r,adio .‘ ment and analysis of the ion spectra on the one hand and tl

graphy on the other hand, have been demonstrated. The prcl)lbl N
, . > problems

1 )4 L
)




9.2. FUTURE EXPERIMENTS 107

while the expected gain from the experiment will yield new insights in the physics

mechanism of acceleration.

9.2.2 Spatial origin of low charge state ions

the lower charge state ions. So far, 1D-

Another interesting question is the origin of
te distribution but only

simulations were not able to reproduce the complete charge sta
a. One possibility is that the low charge states originate
accelerated later in time, requiring long simulation
option is an origin in the

the highest charge state spectr

in the bulk of the target and are
ansport physics in the simulations. The other
ase it would require a full 3D-code to

1. However, 3D-simulations can not

box and a high

times and tr
fringe regions of the accelerating field. In that ¢
see the full low charge state spectra in a simulatiol

al with a sufficiently long timespan, a large enough simulation
sly, due to the limited computing power of even the

We therefore plan an experiment to clarify this

f two series of targets to test each hypothesis.

yet de
enough target density simultaneou

biggest massively parallel machines.
question. The experiment will consist o
The first series will be tungsten targets with a few atomic layers thin coating of beryl-

he successively buried deeper and deeper in the W-substrate,

lium. This coating will |
This shot series will thereby

the buried depth being again on the atomic layer scale.

test up to which depth ions can be accelerated and contribute to the signal.

The second series will consist of tungsten targets with a Beryllium coating at the

back surface in the form of a small spot of ~ 50 pm diameter. From the source size

w that this is roughly the source size of
the high-field region. If the low

t a significant drop of the low

measurements presented in Chapter 6 we kno
the high energetic part of the proton spectra, i.e.

charge states originate in the fringe region we can expec

charge state ion spectra in the signal. Apart from learning more about the acceleration

physics it might also be a method to obtain a single charge state ion spectrum.

9.2.3 Truly heavy ion acceleration

Last but not least we plan to try for really heavy ion acceleration by shooting a cleaned

pure tungsten target, an experiment not yet done due to the lack of sufficient beamtime

on big enough laser systems. Apart from the possible applications we would also get a
th due to the more numerous charge states

more precise idea of the maximu field streng
he Thomson parabola spectrometer

in the region of interest. To resolve this, however, t

have to be improved in resolution and accuracy.

T
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9.3 Scaling parameters for laser accelerated ions

What ion parameters can be expected for future laser systems?
While, apart from fast ignition, all the experiments and applications described above
can be conducted with existing laser systems, the question remains how the ion accel-
eration scales up with laser parameters and what can be realistically expected using
future laser systems. Up to now no qualitative exact scaling laws could be obtained
from the conducted laser ion experiments. The reasons for this lack are related to the
characteristics of the high energy laser systems used in ion experiments. Due to their
low repetition rate the number of shots in any experimental series is rather small. On
the other hand the shot-to-shot fluctuations of the laser parameters are fairly large.
When comparing experiments performed on different laser systems usually a number of
parameters is different which complicates any analysis. Therefore at the moment P1C
simulations have the best hope of predicting results with upscaled laser parameters,
since the relevant physics problems are supposed to be inherently solved within the
code. The most promising outlook for the future of laser accelerated ions is predicted
by a full 3D-PIC simulation done by Pukhov. Using his VLPL code he simulated the
interaction of a 15 fs, 1 kJ laser pulse at an intensity of I =10% W/cm?. The simula-
tion predicts 10'? relativistic protons in a narrow spectral distribution between 5 and
6 GeV as is shown in Fig. 9.3.
In order to compare the simulation results to real experiments and to get an idea of
the scaling behavior Fig. 9.4 summarizes the results on laser ion acceleration already
done and published with respect to the scaling parameters. The experiments listed
were performed on a number of different laser systems, from small 10 Hz systems like
ATLAS, to high-energy systems like LULI (France), Trident (USA) or Vulcan and
on to big Petawatt systems like the now decommissioned Livermore PetaWatt laser
(USA) or the Gekko-Shortpulse (Japan). Also included was a 3D simulation done by
Pukhov [101] to scale up to future laser parameters. Comparing those experiments is
difficult though, due to the number of relevant parameters involved. Examined are
the proton cutoff energy, the absolute proton number and the conversion efficiency
from laser energy to ion energy. The main laser parameters are pulse energy, pulse
duration and intensity on target. Unfortunately these parameters vary from system to
system, and neither are they the only parameters involved, nor are they independent
from each other. Especially the intensity depends on both the energy and the pulse
duration, but also on the focal size. Other important characteristics which also are very
different for all experiments are target material and thickness, incident laser angle, the
contrast ratio of the laser pulse which is responsible for the preplasma density gradient,

and last but not least detector properties. The low energy cutoff plays an important
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Table 9.1: Listing of laser induced ion acceleration experiments.
Facility Epuise Lpulse I/10'8 contrast | E,,;, FEoax Tonno. Effic. ref
[J] [bs] | [W/emn?) [MeV] | [MeV] (%]
ATLAS 0.6 | 0.15 20 106 0.2 B35 1ot 2 |
ATLAS 0.6 0.15 20 10-¢ 1 3.5 1010 1
Jena 0.6 | 0.08 30 1076 1 1.2 101 0.0005 | fog
Trident 1 0.6 10 10710 2 18 8 x 109 0.2 | [102]
CUos 4 0.4 6 5x107° - 10 - 0.02 | [103]
JanUSP 10 0.1 100 10710 4 24 2 x 10! 1 [42)
JanUSP 10 0.1 100 10-10 7 24 ~ 5 x 10° 0.1 [42]
LULI 25 0.35 50 1077 2 25 1012 4 [43]
GekkoPW | 25 0.45 5.5 1073 1 10 2 x 10° 0.004 | [90]
Vulcan 50 1 50 10-7 2 22 10'2 4.4 [50]
LLNL PW | 500 0.5 300 1077 2 58 3.5 x 1013 7 [9]
LLNL PW | 500 0.5 300 1077 10 58 2 x 1013 12 [9]
LLNL PW | 500 0.5 300 1077 2 58 | ~15x10M [ ~30 [ |9
VLPL Sim | 1000 | 0.015 10° - 4000 | 6000 1042 ~ 40 | [101]

9.4 Applications
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isochoric plasma lieating, not yet conclusively demonstrated. Applications of isochoric

heating include ion-driven fast ignition and spectroscopy. Heating optimization would

benefit from modest focusing of the beam (factor of 4: T, > 300 eV in solid Al), from

improved laser /ion conversion efficiency, and from improved ion spectra.
Technologically, laser-driven ion accelerators hold the promise of supplying outstanding
| as accelerator stages with acceleration gradients many orders

new ion sources as wel
If transferred to small

of magnitude above those achievable by conventional means.
accelerators might becone available opening

table-top Ti:Sapphire lasers, small cheap
) so far only accessible

ssibilities (e.g., isotope production for medical diagnostics

Do
Laser accelerated ions also have the

by large accelerators in a handful of hospitals.
and challenge of fusion in the laboratory and our state

potential to advance the gr
ontier area in plasma physics.

of knowledge in strongly coupled plasmas, another fr
heams with background plasmas might allow benchmarking

The interaction of such I
adiation transport in a star in the

astrophysical codes and studying problems such as 1

presence of impurities like iron. Due to their inherent ion density and short duration,

laser-based ion sources might prove to be the core-heating method of choice for fast

ignition [100] and even the driver of choice for ion-driven fusion.

The generation and control of very low emittance ion beams, as well as plasma beams,

opens the possibility of new developments and applications in basic and applied re-

search. For example, this technique can be used to produce interestingly large mi-

crobunches of ions which could be injected into accelerators for conventional exper-

iments. It is important to note that whereas RF technology is quite mature, laser
technologies are still advancing rapidly and useful rep-rated injectors might be fore-

seeable and recent experimental results at MPQ’s 10 Hz laser point in that direction.

Other applications making use of the unique characteristics of laser accelerated ions,

celeration time and the high peak currents and current densities

guch as the short ac
One may also be able

may be found in material studies, e.g. of fusion reactor walls.
1 about time-resolved material damage effects, by coupling laser-accelerat
bing techniques using optical or X-ray photons.
example of tokamak

to lea ed ion

beams with laser-based ultrafast pro

Neutral beams are in themselves of interest as diagnostic probes for

One could imagine using laser accelerated protons to probe turbulent field

plasmas.
produce better focused beams

phenomena in fusion plasmas. Finally, as we learn to

and high contrast, one could image using beams patterned at the source to improve

the efficiency or writing speed of ion-implantation or lithographic applications. Clearly
this field is only at its very start and it is difficult to predict which applications will

gain enough interest and momentum to be realized, but it is clear that short-pulse laser

accelerated ions hold an enormous potential in a number of fields.
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Figure 9.5: Proton radiography of a compound target. Top left: Compound target con-
sisting of an epoxy ring, several wires of varying thicknesses, a steel hohlraum and a glass
shell. Bottom left: target mounted ~ 5 cm behind the proton producing target foil. Right:

Radiographic images at different proton energies.
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Collimated jets of carbon and fluorine ions up 1o § MeV/nucleon (~ 100 MeV) are observed from the
rear surface of thin foils irradiated with laser intensities ofup o5 X 10 "W /em?. The normally dominant
proton aceeleration could be sy rpressed by remaoving the h ydrocarbon contaminants by resistive heating,
This inhibits screening effects and permits effective energy transfer and acceleration of other ion species.
The acceleration dynamics and the spatiotemporal distributions of the accelerating £ fields af the rear
surface of the target are inferred from (he detailed spectra,
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For over 25 years, energetic protons and ions have been  face by E. The most energetic clectrons always extend
generated by focusing ~ ns pulses from large Nd:glass  farther out inio vacuum, maintaining the accelerating field
and CO, lasers ([11 and references therein on solid tar- as long as the electron tlemperature is high. This is funda-
gets at intensities of 1014_](l6 W/em?. The ions emerg-  mentally different from the long-pulse case, in which bylk
ing from the coronal plasma are emitted into a large solid  effects and collisional ionization by thermal clectrons in
angle. They exhibit strong trajectory crossing and a broad the coronal plasma are the dominant mechanisms. In the fs
energy spectrum  with typical ion lemperatures of  cage, however, the ion generation and aceeleration mecha-
~100 keV /nucleon. These unspectacular characteristics nisms are decoupled from the stochastic laser-plasma in-
have prevented major applications, This scenario is totally teraction, which offers many advantages for producing
different when the jon aceeleration is caused by femto-  well-controlled ion beams. The decoupling and the rapid
second (fs) laser pulses. When these are focused on thin rear-surface acceleration are the reasons why the protons
foils targets (~ 50 Mm) at intensities of = 109 W/em?,  appearin a highly laminar, low emittance ps bunch inside
proton beams are observed which exhibit new features which no trajectory crossing occurs. So far, mainly protons
[2-4]): (i) 10" 10!3 well collimated (< 20°) protons with have been observed from the rear side. This is attributed to
5 to 50 MeV are generated, (i) they come from the fear contaminations of hydrocarbon and H,O layers adhered 1o
surface and move in the laser direction, and (jii) they form  the target. Because of its low ionization potential and high
a dense, charge-neutralized bunch of ~1 ps duration. charge-to-mass ratio hydrogen is among the first jon spe-
These proton beams have already been applied for the cies produced and most effectively accelerated, thereby
diagnostic of high-density plasmas [5] and suggested for screening the Space-charge fields for all other jon species,

fast ignition [6]. Application in isotope production for In this Letter, we present the first experimental study
positron emission tomography might follow soon. demonstrating that besides protons also high-brightness,

Hatchett and Wilks [7.8] attribute the above mentioned high-energy (~ MeV/nucleon) ion beams can be acceler-
characteristics of the proton beam to the so-called target-  ated from the reqr stuface of thin foils, These ions are
normal sheath acceleration mechanism (TNSA), the notion effectively accelerated only if the hydrogenous surface
being that relativistic electrons with density, n,, and tem- contaminants are removed, We obtain absolutely calibrated

perature, T, created at the target front side penetrate the high-resolution energy spectra of different ion species and
foil and by extending past the rear surface produce a strong charge states. These provide additional information, not

Space-charge field: in the proton signal, about the spatiotemporal evolution of
the aceelerating field and the origin of the observed jons,
E=~kpT, /e, Ap=(eoksT./e*n,)"2. (1)  We show for the first time that it is possible to control the

accelerated ion species by choosing a target composed of a
Typical values of kyTe~2MeV and n, ~2.5 % 10'9 o3 front-side interaction material and a rear-side ion source
yield Ap,~2 am (distance over which the electric field E layer. The high-cncrgy ions out of these prepared source

decays) and £ > 102 V/m. A few monolayers of atoms at layers unambiguously prove the existence of an effec-
the rear surface experience field ionization by barrier sup-  (ive rear-surface acceleration mechanism. For our experi-
pression (FIBS) [9] and are aceelerated normal to the sur-  mental conditions, we thereby resolve the long-standing
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where a,, is (he Bohr radius, v, is
Ui and Uy, are the ionization potentials of the ionized
species and hydrogen, respectively. We also considered
the influence of heating by possible return currents with
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10% em=3%, We estimated the field jonization rate from the
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the electron velocity, and

3)
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Ey = Ulgyr/eZ, 4)

We can use Ei1y as an upper limit for the electric field
strength that a k + ion has experienced. By integrating the
equations of motion for an jon in a field rising in time with
the laser pulse to Ey. staying at this value for a time 7o
and then decaying exponentially, 72 defines a lower limit
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TABLEL. Calculated field and ioniz
the corresponding field strength [Eq.
acceleration length for a given k. v ar
the return current (kgTE' ~50 eV, n’~2.5 x 102! cm3),
lower than the theoretically possible value of 5.3 - 1012 V/m.

ation parameters for carbon. U, is the ioniza
). E™* is the maximal E field, "
¢ the ionization frequencies due ¢

and the field jonization (Ef = 2TV/m). Because i

tion potential of the kth ionic charge state and E, is
is the minimal field duration, and 1" is the minimal
o the hot electrons (kT ~2 MeV, phot~2 .5 x 1019 cm Y,

—_ max
Tlasers E4 1S

k U, (eV) E, (V/m) EPM™ (V/m) ™ (ps) 1M (um) v (ps Ty vl (ps Vapk (ps™h)
| 11.2 2.2 x 10'0 5.2 % 100 60 230 2.53 X 1072 2.13 593 x 10¢
2 244 5.2 X 10'0 1.3 x 1o!! 10 48 LIx 102 0.68 2.65 X 109
3 47.9 1.3 X 10! 1.8 x 10! 4.3 25 5.29 X 10-3 0.21 1.46 x 106
4 64.5 1.8 X Q' 1.75 X 1012 0.35 3 3.28 x 1073 0.11 4.62 X 108
S 392 5.3 X 102 529 x 104 cen 85X 1075
6 490 7.0 X 1012 4.14 x |94 7.03 X 1079
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FIG. 3 (color). Space-time history of the accelerating electric
fields (red curves) and the C**-dominated ion distributions
(white curves) as calculated by our model: The field maximum
moves oul into the vacuum. Already during the pulse there exists
an ion distribution on a um scale.

highest fields, while the lower charge states are accelerated
by lower fields of up to 2 orders of magnitude longer dur-
ation, which is not explainable by the static TNSA model.

In order to get a better understanding of how the ion
energics and charge state distributions develop in space
and time, we have developed a 1 D-numerical model which
calculates the electron dynamics behind the target, assum-
ing a Boltzmann equilibrium for the electron energy spec-
trum and a current distribution which follows the laser
pulse. We include the ionization process (FIBS), the accel-
eration of different ion species, and screening effects on the
potential. In each time step, we solve Poisson’s equation
for the given charge distribution, check for ionization
events, advance the different ion species, and solve again
Poisson’s equation for the new charge distribution. When
the first laser-heated electrons enter the vacuum behind the
target, they create the space-charge field E, albeit in a
highly dynamic way, much more complex than in the
simple TNSA model. When more and hotter electrons
pass through the surface, the field increases until E = £j.
Now FIBS sets in and the produced ions and electrons
decrease the field at the surface. An equilibrium between
the growing external field and the surface ionization rate
keeps the field at the surface always at E|. The created ions
are accelerated into the vacuum while the freed electrons
are pushed into the target. Whereas the field close to the
target is shielded by the ions, the unshiclded field in
vacuum keeps increasing. The maximum of the electric
field moves outwards into vacuum, ionizing the outermost
jons further (see Fig. 3). The model reproduces the meas-
urements for protons and the high charge states. As long as
there is a source of hot electrons, nearly all ions are
sequentially ionized to C**. As seen in the experimental
data, the lower charge states require 2 orders of magnitude
longer time scales and possibly a 3D treatment (o allow for
low fields in the fringe regions. To explain the long accel-
eration times the electron recirculation model of [10} may
prove useful. Another approach is to envision the individ-

085002-4

ual charge states in separately lined up bunches each witha
charge neutralizing electron cloud lagging a bit behind,
thereby setting up an effective field for the next Jower
charge state bunch. A model to completely explain the
acceleration dynamics is currently developed. The evalu-
ation of the fluorine shot shown in Fig. 2 shows that E ~
2 TV/m active over 7" ~ 350 fs is necessary to acceler-
ate F’* jons up to 100 MeV over a scale length of [~
10 um. The inferred fields would accelerate H* up to
~25 MeV, as typically observed with unheated targets.

In summary, by using high-intensity laser pulses we
achieved efficient (>5% energy conversion), directed
ion acceleration to more than 5 MeV/nucleon from the
rear surface of thin-foil targets. High-resolution energy
spectra measured for different ionic charge slates yield
detailed information on the spatiotemporal behavior of
the accelerating ficlds. They show that FIBS is the domi-
nant ionization mechanism while recombination and colli-
sional ionization are negligible except for C3*. A 3D-
TNSA model including dynamic fields and multiple ion
species is needed to correctly describe the acceleration
process.
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We present the results of g detailed study on the aceeleration of intense ion beams by relativistic laser
plasmas, The experinients were performed at the 100 TW laser at the Laboratoire pour L'Utilisation des
Lasers Intenses, We investigated the dependence of the ion beams on the target conditions based on theo-
retical predictions by the target normal sheath acceleration mechanism, A strong dependence of the ion
beam parameters on the conditions on the targel rear surface was found. We succeeded in shaping the
ion beam by the appropriate tailoring of the target geometry and we performed g characterization of the
ion beam quality. The production of a heavy ion beam could be achieved by suppressing the amount of
protons at the target surfaces. Finall ¥, we demonstrated the use of short pulse laser driven ion beams for
radiography of thick samples with high resolution,

DOI: 10.1 103/PhysRevSTAB.5.061301] PACS numbers: 41.75.0v, 52.59.-f, 52.38.~1, 52.70.—m

L. INTRODUCTION target. The transport of relativistic clectrons through the
target is an extensively studied area of rescarch [12-15)
because of its relevance not only for ion acceleration, but
especially for the concept of fast ignition [16-18] in in-
ertial confinement fusion, The transport of large currents
through the target, the onset of beam filamentation, and
the dependence on the target conductivity (with respect to
the onset of return currents) are essential for a detailed un-
derstanding of the jon accelerating mechanism. We expect
that details of the ion acceleration will also depend on the
target material and surface conditions. Therefore we car-
ried out experiments to investigate in detail the influence
of these target parameters on the ion beam production.

Recently, the production of intense ion beams of Jaser
irradiated targets has been observed [1-4]. Some experi-
ments, using ultraintense short pulse lasers [5] with in-
tensities exceeding 10" W/cm2, have shown collimated
beams of protons that have a very low emittance, while
reaching energies of up to 50 MeV [6], which is under-
stood as rear surface emission accelerated by the target
normal sheath acceleration (TNSA) mechanism [7]. This
ion beam generation is attributed (o electrostatic fields pro-
duced by hot electrons acting on protons from adsorbed
water vapor and hydrocarbons [8,91. Relativistic electrons
gencrated from the laser-plasma interaction, having an av-
crage temperature of several MeV, envelope the target foil IL. EXPERIMENTS
and form an electron plasma sheath on the rear, nonirra- )
diated surface. The electric field in the sheath can reach The experiments presented in this paper were performed
>10" V/m, which field ionizes atoms on the surface and with the 100 TW laser at Laboratoire pour I’ Utilisation des
accelerates the ions very rapidly normal to the rear surface. Lasers Intenses (LULI). Pulses of up to 30 J at 300 fs
Protons, having the largest charge-10-mass ratio, are prefer-  pulse duration at A = 105 pm were focused with an I/3
entially accelerated in favor of heavier ions over a distance off-axis parabolic mirror onto free standing target foils at
of a few microns, and up to tens of MeV. This forms in normal incidence, at intensities up to 5 X 10" wW/em?,
a collimated beam with an approximately exponential en-  The focal spot diameter (FWHM) measured in vacuum
ergy distribution with 5-6 MeV. This acceleration mecha-  was about 8 #m. Amplified spontaneous emission (ASE)
nism makes these intense jon beams highly interesting for  occurred 2 ns before the main pulse at a level of 1077 of
many applications, especially if one can collimate or focus — the main pulse energy and preformed a plasma.
the beam by shaping the target, as suggested by numerical The diagnostic setup is depicted in Fig. 1. The free-
calculations [10,11]. Because of the dependence of the ion standing target was probed by a frequency doubled laser
beam on the formation of the sheath, this process should  beam parallel to the surface to determine the plasma
reveal information about the electron transport through the conditions on the front and rear surfaces. A stack of
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radiochromic film (RCF) was positioned a few cm behind
the target to measure the spatial beam profile. Because
of the pronounced energy loss of ions at the end of
their range (Bragg peak), different layers of the RCF
pack allow the imaging of the ion beam at different
energics. The RCF changes through polymerization of a
diacetylene active layer, from transparent to dark blue,
in proportion to the absorbed dose (rads) of ionizing
radiation (1 rad = 100 erg/g). We modeled the response
of the RCF package with the srim [19] Monte Carlo ion
transport code, assuming the beam to be protons, and
obtained response functions for the layers of RCF similar
to the ones presented in Ref. [2]. A slot in the center
of the RCF allowed a free line of sight for the charged
particle spectrometers fielded at 0°, 6°, and 13° to provide
the energy distribution of the emitted electrons and ions.
Two absolutely calibrated, permanent magnetic ion
spectrometers were mounted at a distance of about I m
from the target covering a solid angle of 5 X 107 sr. The
electrons and protons were recorded in nuclear emulsion
track detectors which allow single particle detection
without being overwhelmed by the blinding x-ray flash
from the laser plasma. The use of an additional x-ray film
layer extended the dynamic range to higher particle fluxes.
A proteclive light tight paper in front of the emulsion and
x-ray film stopped protons below 1.8 MeV. We extended
the spectral range to lower proton energies using CR-39 in
the low energy range of the dispersion plane. By etching
the CR-39 detectors in sodium hydroxide, the material
damage caused by the impacts of ions above a threshold of
a few hundred keV become visible. Microscopic scanning
provides position, as well as the size of the impact, which
is proportional to the atomic number Z of the ion. Thus,
protons produce much smaller pit sizes than heavy ions.
As a complementary measure of the lotal yield of pro-
tons we used a titanium catcher foil, which was placed in
the path of the proton beam. The 48Tj is transmuted by a
(p, n) reaction by protons above a sharp reaction threshold
at ~5 MeV to an excited state of the*®V isotope. Using a
low-background Ge detector we observed the gamma de-
excitation lines of the ¥Ti(p, n)*V reaction, which pro-

ion spectrometers ’
or Thompson parabolas {wes) /"‘“)

Diagnose Beam |

Laser o,

30-35J @ 300 - 500 fs

I=1X10"wWem?’
FIG. 1. (Color) Experimental setup. The freeslanding target is
irradiated at normal incidence. A slit in the radiochromic film
(RCF) gives a line of sight for the particle spectrometer.

061301-2

vided the total activation and therefore the yield of protons
above the reaction threshold of ~5 MeV.

To delect heavy ions accelerated from the rear surface
of the relativistic-laser illuminated targets, we substituted
two high resolution Thompson parabolas in replacement
of one of the charged-particle spectrometers. The paral-
lel electric and magneltic ficlds in the Thompson parabo-
las discriminated ions with respect to their momentum and
charge-lo-mass ratio, at the plane of the CR-39 track de-
tectors. Careful analysis of the scanned CR-39 detectors
then provides absolute numbers of the ions with respect to
their kinetic energy and charge state. In addition to the ion
and laser beam detectors, a silver activation neutron detec-
tor was fielded close to the target chamber determining the
neutron yield for the different experiments. The silver is
activated by neutron impact capture and 8~ decay with a
half-life of 28 sec, which is detected in a scintillator and
recorded by a photomultiplier tube (PMT).

III. RESULTS
A. Hydrodynamic target stability

For the effective acceleration of the ions, an undisturbed
back surface of the target is crucial to provide a sharp ion
density gradient as the accelerating field strength is pro-
portional to Tha /ely, where Thy is the temperature of the
hot electrons and /g is the larger of either the hot-electron
Debye length or the ion scale length of the plasma on the
rear surface. The preceding ASE launches a shock wave
into the targel which causes a destruction of the accelera-
tion sheath. Therefore the target thickness was chosen (o
guarantee an undisturbed rear surface based on numerical
calculations using the hydrocode muLm [20]. The result
of the simulation is shown on the left-hand side of Fig. 2.
The inward propagating shock wave is clearly visible. It
reached the rear surface at about 8 ns after the onset of the
prepulse. Thus, the targets should maintain an undisturbed
back surface for a 5 ns prepulse. When we applied a pre-
pulse at a contrast ratio of 1077 of the main pulse 10 ns
before the main pulse, the maximum energy of the pro-

tons dropped to 2 MeV from the typical 10-20 MeV range
typical of low-prepulse shots. This is in good agreement
with the MuLT! calculations, which indicate that in 10 ns a
shock wave launched by the prepulse penetrates the target
and causes a rarefaction wave that diminishes the density
gradient on the back and therefore drastically reduces the
accelerating field. The inward moving shock wave also
alters the initial conditions of the target material due to
shock wave heating and therefore changes, e.g., the target
density and conductivity. Because of its relevance (0 the
electron transport, we chose the target thickness such that

a considerable fraction of the target was still in its unper-

turbed, initial condition. Figure 2 also shows interferomet-

ric measurements of the target surface with and without the
additionally applied prepulse. The interferometry detects
the plasma density conditions on the front and rear surfaces

061301-2
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experiments, we obtained a conversion efficiency of laser

energy into protons of 1% for the 5 nm coating and 2.5%
for the 100 nm coated target,

Finally, the increase of the proton yield was limited by
the laser energy available in our experiments. A( a given
maximum laser energy of 30 J and a conversion efficiency
into hot electrons Jess than 35%, a layer thickness of sey-
eral nanometers is sufficient to provide enough protons to
be accelerated. This is quite different for petawatt laser
Systems operating at higher pulse length and accordingly
higher total laser energy. In that case ag increase in the
overall proton yield by at least an order of magnitude can
be expected.

A well-known technique to determine the total yield
of fast protons is to use nuclear reactions in 2 catcher
material. For our proton beam, we used the ®Ti( p, n)vy
reaction that provided a sharp threshold ag proton energies
of ~5 MeV. The total yield of ®Va activations produced
in a typical shot was 107, From that we deduce a total flux
of 1" laser-accelerated protons, assuming a Maxwellian
energy distribution with a lemperature of 2 MeV. This
represents a total conversion efficiency of less than 1% of
the laser energy (o aceelerated protons,

It is interesting 10 note that there is an empirical
indication of an efficiency scaling with respect to the
laser energy. Experiments at the petawatt laser system
(500 J, 10 W/em?) obtained conversion efficiencies of
more than 10% [6], as mentioned in the Introduction, Ay
the Vulean laser at the Rutherford Appleton Laboratory

(1001, 5 x 10! W/em?): conversion efficiencies of
few percent have been determined, we found an efficiency
less than 1% in our experiments at the LULI 100 Tw laser
(30 1, 3 % 10! W/em?), and various laser systems at
lower energy obtained conversion efficiencies well below
this value,

D. Proton beam shaping

An important question to be addressed for any future ap-
plication of laser-accelerated protons and ions is the pos-
sibility of tailoring the proton beam, either collimating or
focusing i, by changing (he geometry of the target sur-
face. Ballistic focusing of the laser-accelerated protons is
expected to be rather difficuly because of the inherent di-
vergence associated with the spatial density dependence
of the hot electron sheath, which drives the acceleration,
Accordingly, we first attempted to defocus the beam in
one dimension by using a convex target. Using a 60 um
diameter Au wire as 2 target basically constituted such a
one-dimensional defocusing lens, and we observed a line
as shown in Fig, 4, Tilting the wire also changed the orien-
tation of the line, which results from the radial, fan-shaped
€xpansion of the protons normal to the wire,

We then attempted to focus the protons by modifying the
Curvatutre (concave) of the target foil. Focusing laser gen-
erated protons is essential for many applications such as

061301 -5
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FIG. 4. Experimental setup and RCF images of experiments
with 60 um gold wires. The convex rear surface constitutes a
decollimating cylinder lens. Accordingly, the proton beam wag
formed into a line.

ion-induced material damage research, proton driven fast
ignition [25], proton radiography [26], and the use as next
generation ion sources. Because of the Gaussian-like shape
of the hot electron Debye sheath that causes the aceelera-
tion, there is an energy dependent angle of divergence that
has to be compensated 1o focus the ions in the energy range
of interest. Therefore the effective focal length of a curved
target rear surface s longer and is dependent on the proton
cnergy. The results, which will be published elsewhere,
show a strong reduction in the divergence of the central
core of the proton beam representing ballistic collimating
of laser produced proton beams.

E. Heavy ion beam production

Having established that One can enhance the proton
yield while maintaining the beam quality, and at least con-
template successful focusing targets, we next attlempted to
control the accelerated jon species and, in particular, se-
lectively aceelerate cither protons or hey vy ions. Because
of their larger charge-to-mass ratio, which causes the pro-
tons to outrun the other jon species during (he ambipolar
expansion, protons are accelerated faster taking most of
the energy from the electrostatic sheath, Therefore, the
amount of protons had to be reduced significantly. For tar-
gets of solid metals (gold, aluminum), the majority of the
protons is due 1o water vapor and hydrocarbons at the larget
surface. We reduced these impurities by resistive] ¥y heating
the targets. The targets consisted of thin foils of 50 am Al
coated with I m of carbon. To deteet the heavy ions with
respect to their momentum and charge-state distribution,
we substituted the ion spectrometers with two Thompson
parabolas at an an gleof 0° and 13°, The jons were recorded
in CR-39 plastic rack detectors, We compared the yielq
for heated and nonheated targets, as shown in Fig. 5, As
expected, for the nonheated targets (left-hand side) 2 strong
proton signal was observed together with a weak signal
of carbon ions. The result changed dramatically for the
heated targets, as shown in the right-hand side of Fig. s,
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Slil%lcse. results in a strong heavy ion (carbon) signal (right).

A sharply reduced proton signal was .detected in th.esﬁ
experiments together with a much more ng)tense geal\;g/g;l i
i i ions). We observed a
signal (carbon and alummum'lo . eds
iild r(nuch higher ion energies and ions qt higher Fhargte
Ztates’ These results are in agreement w1th.expehr.|r;1161rles
using CO, lasers more than 20 years ago in w 1cd 'd
moval of hydrogen contaminants by heating lnC'ICaSTO .
i ield i i lasmas. In extension
ion yield in laser ablation p . :
resulyts obtained in [8], the use of short-pu];el ct:hrllrsgi)g(eis
i inte
- ification lasers allows higher focuse
pulse-amplifica : I
i ding to electron temp
at shorter pulse length lea :
several MeV, and, consequently, the observed heavy ions
‘are accelerated up to the several MeV /u range.

E. Neutron production

Complementing the laser and ion beam diagnostics w(ej
also measured the neutron emission caused by ('y, n) artl.
(p,n) reactions from the target. We used.a Isﬂgeisa(;h]e
vation detector attached to a P;V[T. Qn [yp'][(;?insmz [;rget

reactions wi
neutrons are generated by (y, n rget
(caused by the bremsstrahlung photons ffrom tl;gtger:agg/;rsn
i actions of our p
tic electrons) and by (p,n) re o
i i F screen. We also used a targ
impacting on the RC . y .
i i hich was heated to p
deuterized plastic (CDy), w R
ieldi CD, catcher foil behi

beam of deuterons. Fielding a .
target we observed the yield of neulron; ;ro;n 1(39 ?efll:f:)?:

i tal yield of 2. R
reactions. We detected a to i
in this experiment, which was at least an order of magni
tude above the yield on average shots.

F. Proton beam emittance

For most of the future applications of laser generii]ted
ity i i t char-
i lity is the most importan
ion beams, the beam qua .
acteristic. Especially for the use as an ion source gr the
application as an inertial conﬁnement_ fusion ignitor beam,
tl?g ion beam emittance is crucial with respect to the ac-
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To precisely estimate our emittance, we used penum[
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i i ters to directly measure
with the magnetic spectrome . .
i ton beam. This techniq
core emittance core of the pro ' ] . lue
tional slit-emittance m
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accelerators. We determine pee of
ils to be ~0.277 mmmrad,
rotons from flat gold foi ‘ d,
E factor of at least 2 smaller than the resiu}gg;/iw%izg
'med on the LLN
measurements we performe
(see Ref. [24]). Details of the present measurements',“all;g
systematics of the proton emittance versus energy, wi
reported elsewhere. ' '
el“he results of this analysis and subsequefnt r;];)delslgg—,
developing a 2D extension of the modelbm [ W]};iCh %s
a rather cold proton beam,
gest that we observe . . Ly
i i ly laminar. The trace sp
smoothly diverging and high lar ' .
the high)(-/:st energy protons exhibits a tllte?} e].llps? er)lfg.ze
i i i teristic of the ion tempera-
width ultimately is the charac o
deduce that the proton
ture. From these data, we ' Byl
i ~1 keV. From simple electro
erature is less than ~1 ke . .
Eollisional heating during the expansion, one nlzllyogxepv
the ion temperature to be even lower, of order ;

G. Radiography using laser-accelerated proton beams

The excellent beam quality of the. ion .beam ISh ]?esggy
matched to the requirements for imaging  tec fn 1(;ser-
One scheme of particular interest is the use o e
accelerated protons to radiograph macroscopic :saizr;; ctlion
study their properties. Because of the different in
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mechanism, protons can provide complementary in-
formation to more common techniques such ag X-ray
backlighting. The interaction of swift protons with matter
is well known and has been a traditional research area of
accelerator laboratories over the past decades, Because of
the copious amounts of protons accelerated in » very short
time, laser-accelerated protons provide a new diagnostic
quality in research of transient phenomena. We performed
a first set of experiments to demonstrate the feasibility
of these laser-accelerated proton beams for radiography
applications. Recently, there have been experiments per-
formed to use laser-accelerated protons for object imaging
[28]. In these experiments, a thin target (grid) has been
placed very close to the proton source. In contrast to these
experiments, where the target was exposed to the electron
cloud closely behind the targel, we have chosen a different
geometry. We used a distance of 5 cm between the proton
source and the target in order to minimize any charging
of the target and placed the detector (RCF) close to the
object to reduce deflection effects. In our experiments,
we used a compound target of different materials (o be
imaged by the protons. It consisted of a | mm thick €poxy
ring structure, several copper wires of 250 pm diameter,
a hollow cylinder with 300 mm walls of steel, several Ti
sheets of 100 #m thickness, and a glass hemisphere of
900 wm diameter and 20 pm wall thickness,

The protons were recorded in multiple layers of RCF
to detect the image at different proton energies. Figure 6
shows the radiography of the target for final proton ener-
gies of 7.5 MeV. The image basically constitutes a negative
image of the areal density of the target. The names of the
collaborating institutes have been engraved on the epoxy

FIG. 6. Radiography of a compound target, Details of the
target are given in the tex(.

061301-7

ring, which results in a reduced thickness and therefore 4
higher energy deposition of the protons in (he respective
layer. The arcal density variation of the hollow cylinder.
including a hole in the wall on the right-hand side. can be
seen as well as a thin metal rod placed inside (he cylinder,
These results show a clear dependence on the areal dep-
sity rather than on residual charging effects, in contrast
the experimental technique used in 128]. Close examina-
tion also shows the small glass hemisphere placed above
the cylinder. The time of exposure in this experiment wis
estimated (o be on the order of tens of picosec mds, based
on the initial proton beam pulse duration and the energy

dependent dispersion of (he pulse from the source (o he
largel.

(8}

IV. CONCLUSION

We have presented a detailed investigation of the target
conditions on the proton and ion beam production from
intense laser solid interactions. The observed strong de-
pendence on the rear surface conditions is in agreement
with the target normal sheath aceeleration mechanism. The
target conductivity appears o have a major influence on
the quality of the ion beam, and the quality of the sur-
face finish of (he larget is very important for maintaining
a high gradient sheath and a laminar beam. It has been
shown that tailoring the ion beam (yield, shape, compo-
sition, homogeneity) by means of target shape and com-
position is possible, and we present first observations of
laser-aceelerated jon beam locusing. Finally, the success-
ful’ generation of a heavy ion beam (carbon. aluminum)
further encourages speculation that laser-accelerated ion
beams may become 2 useful tool in a variety of future
applications.
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with ions being fed into the expanding corona by a rarefaction wave propagating at the sound
speed, ¢, into the bulk plasma. In these experiments ions, mostly originating from the target
front, moved against the laser direction and showed a very large dispersion, Typical energies
were of the order of 100 keV/nucleon for sub-kJ lasers and up to 2 MeV for protons from kJ
systems. With the advent of ultra-intense, shor(-pulsc lasers the situation changed dramalically.
Nowadays even table-top, low energy laser systems produce protons up (o several MeV particle
energy and collimated beams of ions have been observed | 1,2].

Ion emission has been observed originating from the front and rear surface of solid targets.
In contrast to the experiments using long-pulse lasers, ions accelerated by fs-laser systems are
emitted normal (o the rear surface in a low divergent beam of excellent quality. The dominant
mechanism of the ion acceleration is understood as rear surface emission accelerated by the
target normal sheath acceleration (TNSA) mechanism [3]. Relativistic electrons generated
from the laser—plasma interaction, having an average lemperature of several MeV, envelope the
target foil and form an electron plasma sheath on the rear, non-irradiated surface. The eleclric
field in the sheath (Egy ~ kThot/€Ans An = (80k Thoi /€% 11e o) '/?) can reach >107 Vm~',
A few monolayers of atoms at the rear surface are field-ionized and accelerated normal
to the surface by Ey,, with the most energelic electrons always extending further out into
vacuum, maintaining the accelerating field as long as the electron temperature is high. This
is fundamentally different from the long-pulse case, in which bulk effects and collisional
ionizalion by thermal electrons in the coronal plasma are the dominant mechanisms. So
lar mainly protons have been observed from the rear side, originating, as in the long-pulse
experiments, from contaminating hydrocarbon layers which coat the targets. As soon as
protons are present they outrun the heavier ions due to their superior charge-to-mass ratio,
and screen the acceleration field. Thus protons are preferentially accelerated in favour of
heavier ions over a dislance of a few microns, and up to tens of MeV. This forms a collimated
beam with an approximately exponential energy distribution with 5-6 MeV. The conversion
efficiency from laser energy to ion beam energy can be quite high and efficiencies of order of
10% have already been measured [2]. This acceleration mechanism makes these intense ion
beams highly interesting lor many applications [4-6], especially if one can collimate or focus
the beam by shaping the target, as suggested by numerical calculations [7, 8]. Because of the
dependence of the ion beam on the formation of the electron sheath, this process should also
reveal information about the electron transport through the target. We expect details of the ion
acceleration will furthermore depend on the target malterial and surface conditions. Therefore,
we carried out experiments to investigate the influence of these target paramelers on the ion
beam production.

2. Experiments

The experiments presented in this paper were performed with the 100 TW laser at Laboratoire
pour I’Utilisation des Lasers Intenses (LULI). Pulses of up to 307 at 300 fs pulse duration at
A = 1.05 um were focused with an f/3 off-axis parabolic mirror onto free standing target foils
at normal incidence, al intensilies up to 5 x 10" Wem™2. The focal spot diameter (FWHM)
measured in vacuum was about 8 um. Amplified spontaneous emission occurred 2ns before
the main pulse at a level of 1077 of the main pulse energy and preformed a plasma.

The diagnostic setup is depicted in figure |. The free slanding target was probed by a
frequency doubled laser beam parallel to the surface to determine the plasma conditions on the
front and rear surface. A slack of radiochromic (ilm (RCF) was positioned a few ¢m behind
the target to measure the spatial beam profile. Due (o the pronounced energy loss of ions at the
end of their range (Bragg-peak) different layers of the RC film pack allow the imaging of the
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has been concluded. Given the absolute numbers of ions (10'? protons at ex_perimenls uiln%
1 I;W lasers [2], 10'? protons at the LULI 100 TW system) the resulting initial ion beam curren
ranges in the mega-ampere regime. S o .
gThe angular dependence of the energy distribution of the proton beam was mcasu!ied W[IIPI
(wo ion spectrometers positioned at an angle of 0 and 13°, respectively. The measure s;?a lcae
distributions of protons on the dispersion plane were deconvoluted (with re§|)ec.l to the entran ¢
aperture shape) [9] and corrected for the spectrometer dispersion. A typical ion spectrum is
shown in figure 2. ‘ ‘
The energy of the protons emitted normal to the targel rear surface extended ulz to 25 ?\/Ite?l/t
[ [s i e
The maximum energy of the protons dropped to about 1.3 MeV at an angle of 13.,102}1112156 "
with a two-dimensional model of the sheath acceleration process. The spect.la sh [?nenl
cach proton energy distribution is generally continuous up to the cut-off energy, mbagl.ce[ions
with the electrostatic sheath acceleration mechanism and as we!] as previous .o selt\)/[ained
in experiments with the LLNL PETAWATT laser [2]. The best fit to the sp‘emunll obta .
by the ion spectrometers, as well as to the spectral information extracte.d h.om t1'e s;a;[ ev
RyCF packages was obtained by using a two component exponential d]SII‘Il‘?Ul]OtI)] with ) :ahe
and 6 MeV, respectively. Details about the angular dependencc;.of '?i'lon earzdaEy e
igin of i y row features in the spectral distribution, caus
origin of occasionally observed narrow clre . . o
seg%egalion of different ion species, are beyond the scope of this paper and will be publish
elsewhere. . ) o
For most of the future applications of laser generated ion beams the beam qualllty 1sSt:§
mosl important characteristic. Especially for the use as an ion source or the applllcz?ﬁ]o:)z: an
inertial confinement fusion (ICF) ignitor beam, the ion beam emlltan.ce lsTchructzla w:ionc(;fplhe
‘ator str ‘e acc the achievable focus spol size. The forma
to the accelerator structure acceptance or (e fonmation o/ he
i is hi g formation of the electron sheath at the rear s .
ion beam is highly dependent on the | ! rl
target (see section 3.2). We observed highly laminar and well collimated bearps of ions ufSl[Ei
metal targets. As is apparent from the RCF data (see figure 3), the angular dlvlergence :)S e
proton jet is rather well defined and decreases with increasing proton energy. This S;J]gge§ttance
protoné or other light ions accelerated by this mechanism may have a usefull small emi
in the sense of an actual ion beam. ‘ . ? "
To precisely estimate our emittance, we used penumbral imaging of edges at ii}llffpcrs::
distances from the target with the magnetic spectrometers, to dlrectLy measurc:. e1 o
. . ) a i
' i { i hnique is closely related to the convention
emittance of the proton beam. This tec e Stional o
i I [ 'tures and screens at conventional acceler )
emittance measurements made with aper . o =
i rmali i rotons from flat gold foils to be ~0.27 mm 5
determine the normalized emittance of pro s from f . ‘
factor of at least two smaller than the resolution limited measurements we performed on the

: 4t

: ;

- 5 10 1_r; 20 25 30 5 10 15 20 25 30
Energy [MeV] Energy [MeV]

Figure 2. Typical proton spectra obtained at 20J/350 fs pulses. Whereasl the protorl ms).(lmu:n
engrgy e>'(tends up to 25MeV normal to the rear surface (right), the maximum energy drops to
below 10MeV at an angle of 13° normal to the surface (left).
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Figure 3. RCF images of the |
increases from left o right. T
ion energy.

aser accelerated proton beam 5 cm behind the t

arget. The ion energy
he divergence of the homogeneous beam decy

eases with increasing

LLNL PETAWATT (sce [2]). Det
proton emittance versus energy will be reported elsewhere,

The results of this analysis and subsequent mode
extension of the model in [10], suggest th

ails of the present measurements, and systemalics of the

lling, developing a two-dimensional
at we observe a rather cold proton beam, which is
smoothly diverging and highly laminar. The trace space of the highest energy protons exhibits
a tilted ellipse, whose widih ultimately is the characteristic of the ion temperature. From these
data, we deduce that the proton lemperature
collisional heating during the
of order ~100¢V.

Using a newly developed technique that will be published in detail in [1 LT we have been
able to improve the measurement of the beam core emittance by an order of magnitude. These
measurements result in a transverse beam emittance of 0.06r mm mrad, which is orders of
magnitude lower than achieved at any conventional accelerator,

Itis interesting to note, that this measured beam emittance correspond to an effective jon
temperature of less than 100 eV, This lemperature is not consistent with the high temperatures
present at the front surface, but likely maintained at the rear surface during the acceleration.

Moreover, one should be aware of the fact, that determining the source size by penumbral
imaging techniques is misleading. The results obtained by this technique
in the order of 10-20 um. These spot size

is less than ~ | keV. From simple electron—ion

expansion, one may expect the ion lemperature to be even lower,

indicate spot sizes
s have been used in recent publications [12] 1o
rule out the rear surface contaminants as the origin of the intense beams observed. However,
in case of a highly laminar acceleration as expected for the TNSA mechanism the use of
penumbral imaging traces back the virtual source size in the sense of a be
reported at several conferences), which can be more than an order of magnitude smaller than
the real source size at the rear surface. Recent experiments using direct surface imaging
(see section 3.4) indicate the real source size 1o be much larger than the values obtained by
penumbral imaging techniques,

Figure 4 shows the origin of the laser accelerated
Protons up to energies of 3MeV were emitted from an area of about 300 um diameter, far
larger than the initial Spot size at the front surface. The emission region decreases for higher
energetic protons, in this case down to about 80 m for 10 MeV protons. The measurement
is consistent with an electron sheath distribution caused by the higher electron density in the
central region as predicted by numerical simulations [7.8].

Recently, experiments at the LULI laser system using imaging techniques to determine
the electron distribution at the target rear surface [13] show an excellent agreement between

the electron distribution and the real proton source size a( the target rear surface.

am waist (as been

protons with respect to their energy,
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3.2. Target dependence

. . i directionality is
One of the interesting features of the laser accelerated ion beams is thfa:lthelr jllllicxliz::io: =
) ‘ear surf: { the irradiated target. Because of the sm '
always normal to the rear surface o SCOIPC ' nsion of
the aZcelerating electron sheath and the strong dependence of their for m.atl(.)né ta)1ge; ;(:))lnogle e
like the rear surface structure and target conductivity should have a major influenc
m properties. . . o e
e V\Z) h[a)we therefore performed detailed experiments (o invesligate the ion bleéimt I;lr)(l)][[)ie(;n o
tial distr
i e eters. In contrast to the homogeneous spa
in dependence of these target param . i o !
i iginating from highly conducting (gold, aluminium) targ 3 :
onsbeamssentiicl i - surf: howed a strong filamentation.
i i i i th structured rear surfaces s
ion beams emitted from targets wi | b ke
is eff i he presence of microfocusing filam
This effect could be explained by t e ! i T
echanism, the scale leng
i i hermore, as expected from the TNSA m . '
as published in [14]. Furl } XPes stiag A
y ) i 1 for an effective ion acceleration, ‘
f the plasma at the rear surface is crucia . enton
gf a pil)asma at the rear surface has been shown (o suppress the acceleration mech
ctively [5, 15]. . ‘ -
e The f{)r[mation of the accelerating sheath is dependent on lhf: transport of the I:u ge zLerchmS
i d by the onsel of compensating return .
currents through the target, thereby influence onse ! e
;Egeeffected k%y instabilities. The transport of relativistic electrons through thei tafr(;t.greion
an exlensively studied area of research [16—19] because of 1;5 reiecv;nlfi noble;): Syhown .
‘ igniti i as
rati i concept of fastignition [20-22]in j
acceleration, but especially for the conc o xiienees siac e 1 o
¢ i g lastic largets always showed a fila .
that proton beams emitted from p : amentary structure. We
i ing thickness as well as layered targ
used plastic and glass targets of varying a . : e
inﬂuezce of the target conductivity. Figure 5 shows a comparison of a s1mul?t10n Vr;;]e N
experiment for a 50 um plastic target coated with 10 m gold at llhe ﬁontbsur ag:éakup el
i eC ing electron beam
i igure s the acceleraling electron sheath assuming
ceorlarectilatedisti ion i -get. The central part of figure 5 presents
y e i agation in the target. The .
three large filaments during the prop . t el oo e e
i i t the location of our delector several ¢
he simulated ion beam structure a . ' . e
lThis is compared to the experimental data shown in the right part of figure 5. As can be
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Figure 5. Proton beam filamentarion due (o electron transport. Simulation of a fi)

sheath (left) in plastic causes the proton beam (o show structure (central part).
(right) shows an excellen agreement with the simulation,

amented electron
The experiment

there is an excellent a
indicates electron bea
have been obtained usi

greement between the simulated beam pattern lo the experiment which
m breakup to be the origin of the beam filamentation. Simil

ar results
ng targets coated with conducting layers at the front and the rea

r surface.
3.3. Heavy ion acceleration
So far mainly protons have been observed from the rear side,

pulse experiments, from contaminating hydrocarbon layers which
protons are present they outrun the h

originating, as in the long-
coat the targets. As soon as
cavier ions and screen the acceleration field. We present
the first experimental study, demonstrating that besides protons, also high-qu
(~MeV/nueleon) heavy ion beams can be accelerated from the rear surf
foils. We find that heavy ions are effectively accelerated,
contaminants are removed. We obtained high resolution
of different ion species, which provide additional information, not available in the proton signal,
about the spatio-temporal evolution of the accelerating field and the origin of the observed jons.
Details on the acceleration of heavy ions are 10 be published in [23]. To effectively remove the
hydrogen contaminants we resistively heated tungsten targets up (o temperatures of 1000 K
for several minutes. The jon species of interest was coated solely on the rear surface of the
target, thereby unambiguously verifying the origin of the heavy ions. The proton spectromeler
as well as the CR-39 did not show any protons, while strong fluorine ion tracks are observed
originating from the CaF; layer at the target rear side. The complete removal ol contaminants
increased the acceleration of heavier ions considerably, Quantitative evaluation shows that
F7* was accelerated up to 100 MeV, i.e. more than 5 MeV/nucleon at 4% energy conversion,
The RCF diagnostic confirmed this by showing a narrow spotin the first layer, which. in the
absence of protons, indicates fluorine ions ol energies above 4 MeV/ucleon. The evaluation
of the fluorine shot shown in figure 6 shows that £-fields Egy ~2TVm!
T ~ 350 fsare hecessary to accelerate F™*-jong upto 100 MeV overa scale
The shot presented in figure 6 was virtually without any protons,
aceelerate protons up to ~25 MeV, as typical with unheated largets. The field distribution is in
agreement with an extended TNSA model including dynamic fields and multiple ion species.
We found tha field ionization is the dominant mechanism while recombination and collisional
ionization are by far less effective (see [23]). Since the largets were coated only at the back
surface and we successfully removed contaminations and can rule out front side acceleration
within the parameters of our experiment.

ality, high energy
ace of (coated) thin
provided the hydrogenous surface
» absolutely calibrated energy spectra

on a timescale of
lengthof I ~ 10 jum.
but the modelled fields can
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Figure 6. Heavy ion acceleration in the presence (unheated) and without (heated) proton
contaminants. More than 100 MeV (5 MeV/nucleon) F'* jons were measured.

3.4. lon beam tailoring

An important question to be addressed for any future application of laser-accelerated protons
and ions is the possibility of tailoring the prolon beam, either collimating or focusing it, by
changing the geometry of the target surface. Due to the excellent beam quality and the close
correlation of the accelerating sheath (o the rear surface tailoring of the ion beams should be
feasible using appropriate target design. However, ballistic focusing of the laser accelerated
protons is expected (o be rather difficult because of the inherent divergence associated with
‘the spatial variation of the density of the hot electron sheath, which drives the acceleration.
Accordingly, we first attempted to de-focus the beam in one dimension, by using aconvex target.
Using a 60 um diameter Au wire as a target basically constituted such a one-dimensional
de-focusing lens, and we observed a line image as published in [14]. Tilting the wire also
changed the orientation of the line image, which results from the radial, fan-shaped expansion
of the protons normal to the surface of the wire. We then atlempted Lo focus the protons by
modifying the curvature (concave) of the target foil. Due to the Gaussian-like shape of the
hot electron Debye sheath that causes the acceleration, there is an energy dependent angle
of divergence that has to be compensated to focus the ions in the energy range of interest.
Therefore, the effective focal length of a curved target rear surface is longer and is dependent
of the proton energy. The results, that will be published elsewhere show a strong reduction in
the divergence of the central core of the proton beam representing ballistic collimating of laser
produced proton beams.

Based on the excellent beam emittance that implies a highly laminar expansion of an
initially very cold ion beam we investigated the prospect of imaging the actual target surface
by means of the protons. This would further allow the precise delermination of the real
source size, details about the electron transport and has the prospect of many applications.
Initial experiments showed substructures in the proton beam that could be related to surface
structures at the pum scale. Figure 7 shows an image of a 50 mm gold target rear surface
obtained by using a scanning electron microscope (SEM). Due to the fabrication process,
elliptical structures (holes) at the surface remain at a diameler of a few pm. In the right part of
the figure, we present typical substructures of the proton beam emitted from that surface. The
shape of the structures in the beam resembles the siructures at the surface. Meanwhile we have
succeeded to use artificial surface structures, like lines, grids, crosses and names on a um scale
to tailor laser accelerated proton beams. The resuits will be published elsewhere [11], but the
excellent quality of the beam allows to tailor ion beams with fiducial patterns, which is highly
interesting for any imaging techniques, like proton radiography, or electrical field mapping.
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Figure 7. Surface imaging by laser accelerated protons. The structures at the t

g : arget rear surface
(SEM image, left) were imaged by the proton beam onto the deleclor (right).

4. Conclusion

Laser accelera%ed proton and ion beams offer new prospects for a whole variety of applications
The beam quality was found to be far superior to beams accelerated by conventional accelerators.
with respect to the transversal beam emitlance, while the longitudinal phase space was found
.“.’ be comparable. The beam intensity exceeds present accelerators by orders of ma ‘nilude
The excellent beam quality implies a highly laminar acceleration and an initiall ex%remel .
c?ld hc‘am and the experiments proved the beam (o have optical qualities. The r)(/) erties ary
highly interesting for applications, especially as we have shown the pos'sibi]itp 0? tailér' .
the I.')eam with respect 1o shape, ion species, efficiency [14], and homogeneity yA weallhmé;
EI]T;EJIECZI“HIIS are currently being investigated, starting fromimproved diagnostic cz.1 abilities [6(}

!0 |'nlllus|.ria.[ and medical applications, (o next generation ion sources and prossects for fas;
ignition in inertial ICF [4,24]. Still the underlying physics is subject to further investigation

and, Wlth IeSpeCt to [hC extenSlVC mnter ( f p p
€S uture mpro ments a lk l Vel (,i n
y 3 m vement |e] ey tOl)e de O (C
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We describe a novel scheme consisting of two deformable bimorph mirrors that can free ultrashort laser pulses
from simultaneously present strong wave-front distortions and intensity-profile modulations. This scheme
is applied to the Max-Planck-Institut fiir Quantenoptik 10-TW Advanced Titanium-Sapphire Laser (ATLAS)
facility. We demonstrate that with this scheme the focusability of the ATLAS pulses can be improved from
10% to 2 X 10'° W/em? without any penalty in recompression fidelity. © 2002 Optical Society of America

OCIS codes:  010.1080, 140.3590, 220.1000.

In high-power multistage Nd:glass and Ti:sapphire
(TiS) laser systems, wave-front aberrations (WFAs)
that result in deterioration of beam quality are com-
mon. These WIAs originate from imperfections in
the many optical components that are present in the
beamline as a result of optical figure errors, pump-
induced thermal distortions in the amplifiers, and the
third-order nonlinear ns effect. In TiS lasers, cooling
the crystals to the temperature of liquid nitrogen can
essentially eliminate pump-induced distortions.! * A
more versatile approach, however, is to use adaptive
optics, which can counteract each of the three WFA
sources, regardless of whether they occur individually,
in pairs, or all together simultaneously. This was
demonstrated in Refs. 4-7 by use of just a single
deformable mirror (SDM).

In the SDM concept, only the WF of the pulse is cor-
rected, not the intensity profile. This scheme works
well as long as the WF perturbing action of each indi-
vidual optical element is so weak that the shortest local
radius of curvature, R, of the WF of the exiting pulse
is many times the distance {o the adaptive mirror. In
addition, the pulse should not pick up strong intensity
modulations, e.g., by nonuniform amplification. How-
ever, when an optical element such as a multipass am-
plifier causes a single-pass WFA with an associated
R value of the order of the pass-to-pass propagation
distance, the pulse intensity profile becomes increas-
ingly modulated from pass to pass. On further propa-
gation, these modulations may get even worse. If one
stays with the SDM concept, the beam loading would
then have to be reduced so that the optical components
placed downstream from the amplifier are not dam-
aged. In chirped-pulse amplification laser systems,
the compressor gratings are then particularly endan-
gered because of their low damage threshold. The sys-
tem efficiency is thereby decreased considerably, too.

In this Letter we study this heavy-perturbation
case, which to our knowledge has not been investigated
experimentally before and is characterized here by the
simultaneous presence of strong phase and amplitude
modulations. We show that by invoking two DMs
one can cancel the modulations without any sacrifice

0146-9592/02/171570-03$15.00/0

in beam loading. In our concept, the compressor is
placed between two DMs and thus has to be operated
with a distorted WF. For this situation, we present
conditions that, when met, maintain the pulse recom-
pressibility and focusability within reasonable limits.

The two-DM concept has also been investigated for
applications in areas others than the one studied here,
so far only theoretically, These other applications
include beam shaping for high-power laser beams in
laser photochemistry and material processing® as well
as delivering a high-quality pulse on a remote target
after propagation through turbulent atmosphere.” In
astronomy, the use of two DMs may enable one to over-
come turbulence-induced phase and amplitude modu-
lations for widely enlarged fields of view (Refs. 10
and 11, and references therein). The algorithms
developed in Refs. 8—11 for control of the DM surfaces
are not applicable to our situation because of the
presence of the gratings between the two DMs, which
limits beam loading.

The heavy-perturbation case that we are confronted
with arises in the final disk amplifier of our Advanced
Titanium:Sapphire Laser (ATLAS) facility (Fig. 1).
The front end of the laser® delivers a 300-mJ pulse
that is centered at 790 nm and stretched from 100 fs
to 200 ps with a smooth intensity profile and a well-
behaved WF. After four passes, the fluence pattern
of the pulse inside the compressor is heavily modulated
(Fig. 2, left) due to crystal-growth defects (Fig. 3) and
pump-induced aberrations. At a pulse energy of
1.3J at the compressor entrance, the peak fluence
reaches 0.3 J/em® on the first grating, far beyond its
damage threshold of 0.15 J/em?. Under these loading
conditions, the energy that is transmittable through
the compressor is limited to only 0.5 J. Because of
the simultaneous presence of WFAs and intensity
modulations, the SDM concept is no longer applicable.
To increase the amount of energy that is transportable
through the compressor, we must first smooth the
fluence profile. This is achieved with deformable mir-
ror DM1 (17 electrodes, 30-mm diameter, bimorph),*?
which replaces the plane mirror in the beamline before
the pulse makes its final transit through the amplifier

© 2002 Optical Society of America
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Fig. 1. Setup of the final amplifier in the ATLAS facility
with two deformable mirrors, DM1 and DM2, c]ost;d loop,
and three target chambers (TCH5-TCHT). The TiS erys-
tal of 40-mm outer diameter is pumped from two sides.
The TiS pulse provided by the front end‘p.znsses Lhra:.xgh
the crystal four times and is thereby um[_)llf‘ le;{I l‘rum. 0.3 to
1.5 J." The pulse then runs through spatial filter SF2, and
the pulse dinmeter inereases from 18 to 63 mm. The pulse
is then recompressed to 130 fs in an evacuated compressor
chamber that houses two holographic gold gratings and is
connected to the target chambers by evacuated tubes.

(Fig. 1). The best electrode voltage settings for DM1
can be found manually with a few iterations by use of
a real-time beam-profile analyzer. For the same
energy of 1.3J as before, the peak fluence of the
smoothed profile is then reduced to 90 md /em? so that
the 1.3-J energy can be safely transmitted through
the compressor, At constant voltage settings, the
smoothed beam profile remains stable over weeks and
changes little on propagation inside the compressor
and a few meters downstream. .

The action of DM1 modifies the WFAs originating
in the amplifying crystal but does not gemzrat.& a
plane WF. A plane WF is generated with a sec-
ond deformable mirror, DM2 (33 electrodes, 80-mm
diameter, bimorph).!® DM2 is placed behind the
compressor so that it is able to compensate for the
optical figure errors of the gratings and to ensure that
highly peaked intensity patterns that might occur
when DM2 is optimized cannot damage the gratings.
The compressor is thus fed with a chirpgd pulse \_\rlmse
WF is distorted. In this situation, which was inves-
tigated theoretically in Ref. 14, the following three
effects are of major importance: loss of compression
fidelity, astigmatism, and chromatic aberration. For
an estimate of the level of WFAs that are I:qlerable
without too high a loss in beam qu.ality, the rigorous
theory'" is not needed. It is sufficient to replace the
real pulse with a spherical WF whose curvature is
chosen to be equal to the maximum local curvature in
the real distorted WF. The focus of the model WF is
downstream DM2.

['rom measurements, we find Lha!i the recompres-
sion fidelity in terms of pulse duration and contrast
is hardly affected as long as any local rathga_: of curva-
ture of the WF exceeds 15 m. The condition is met
in the ATLAS for pulse energies of up to 1J after
compression.

The originally spherically convergent beam turns
astigmatic when it leaves the compressor, lt_s.udlr?g to
the occurrence of two foeal lines instead of‘gz single
point focus because the beam behaves differently
in the dispersion and nondispersion pianes_ of the
compressor. With R = m, the com])_ressor-mduc_ed
astigmatism turns out to be weak and is hence easily
correctable with DM2, since the necessary dasplgce-
ment is =1 um, The compensation of the original
beam convergence is not a problem, either. .

The chromatic aberration originates from the differ-
ent path lengths of the individual spectral components
on their way through the compressor. When they are
exiting, the individual spectral beam components stgll
have the same cone angle, but at a fixed position in
space the radii of curvature are different, This ef-
fect cannot be compensated for with DM2. The beam
emerging from DM2 will hence be pam]ln?.l for the spec-
tral component near Ao but divergent for LI_:e compo-
nents with A < A, and convergent for those with A > _A(..
The focus of such a beam is hence no longer pointlike
but exhibits longitudinal spreading, with each spec-
tral component having its own focus located at a dif-
ferent position. This spreading is tolerable when the
foci of all colors inside the spectral range 4AArwnm
lie within the Rayleigh length of the spectral beam
component at Ag. For the ATLAS, this crl'terlon re-
quires R > 15 m, which is met. The theoretical analy-
sis reveals that R = Adpwnm. Very short pulsgs with
Adwriv = 50 nm thus need to be rather well collimated
if one wishes to avoid intensity degradation in the fo-
cus. This conclusion is in fair agreement with the re-
sults of the rigorous theory."

Fig. 2. Fluence patterns in the plane of the first compres-
sor grating. Left, DM1 is replaced with a plane mirror;
peak fluence, 300 md/em?, The double-peak pattern is
due to the coarse two-half structure of the WFAs shown
in Fig. 3. Right, DM is optimized; peak fluence reduced
to 90 mdJ/em?. The remaining fluence modulation arises
from the fine structure of the WFAs (Fig. 3). The very
high spatial frequencies; which carry‘litlle energy, are lost
on propagation through the spatial filter SF2 (Fig. 1).

Fig. 3. WFAs that are due to growth defects in the final
disk amplifier of 40-mm diameter, 17-mm thickness, and
«l = 2.3 at 532 nm.
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Fig. 4. Fluence profile in the focus of the F/3 off-axis
parabola. Left, DM1 and DM2 are on, but DM2 acts as
a plane mirror. Middle; local intensity as a function of
radius for the fluence profiles shown to the left (---) and
right (—). Right, DM1 and DM2 are on, but DM2 is
locked to operation for minimal WFAs.

We generate a parallel beam with DM2 by comparing
the actual WF as measured with a Shack—-Hartmann
sensor that has a 12 X 12 lenslet array with a reference
WF obtained from a diode laser running at 790 nm and
expanded to a parallel beam of 63-mm diameter. Edge
points with an intensity of less than 10% of the maxi-
mal intensity are disregarded. The reference WF
is stored in the computer for subsequent use. The
voltage settings to be assigned to the electrodes
of DM2 then have to be found so that the WF of
the ATLAS pulse matches the reference WTF as
closely as possible. This is achieved by application
of a closed loop. The algorithm employed for this
purpose is the same as that developed in Ref. 5.
The deviations between the actual and the refer-
ence WFs are minimized by use of the peak-to-
valley optical-path difference as a criterion. Usually,
approximately five iterations are needed to decrease
the peak-to-valley value from the original 10A to A/4.
The voltage settings corresponding to minimal WF
distortion are stored. They can be used for hours
because of the high thermomechanical stability of
the ATLAS and the correspondingly low shot-to-shot
fluctuations of the WF. For routine operation of the
ATLAS, the closed loop is no longer needed once the
WFEF' correction is complete. We can then remove
the beam splitter feeding the Shack—Hartmann sen-
sor from the beam line to keep the B integral low.
In case of performance deterioration, e.g., because of
thermal drift, the whole WF correction procedure,
which takes ~15 s, has to be redone.

We check the quality of the corrected WF in each
target chamber by measuring the fluence patterns in
the foci of the F/3 off-axis parabolas, using an 8-bit
CCD camera and a set of calibrated filters. This
combination provides an effective dynamic range of
>10%, The focus is viewed at 50X magnification.
Because of the 1-mm-diameter pinhole SF2, there can
be no energy outside the sensor chip (6 mm X 4 mm).
Hence, the amount of energy that can possibly be
hidden in the pixels showing no direct response is at
most 10% of the total pulse energy. In each chamber,
we obtain the same result for thousands of shots.
With DM1 on and DM2 acting as a plane mirror, we
find the multiple-peak fluence pattern depicted in
the left-hand part of Fig. 4. The Strehl ratio (for its
definition, see Ref. 15) is only ~0.04. However, when
DM2 is locked to operation for minimal WFA, we find

a dramatic improvement (Fig. 4, right). A single peak
appears that contains 65% of the pulse energy within
the diffraction-limited diameter. The mean intensity
inside the diffraction-limited diameter is raised by a
factor of ~20 from ~10'"® to 2 x 10 W/cm?. The
Strehl ratio increases to 0.7. The Strehl ratio esti-
mated from the corrected WF with a peak-to-valley
optical path difference of A/4 is 0.8. The difference
in the two ratios is attributed to the fact that the
real WF has higher-order abberrations that are not
measurable with our Shack—Hartmann sensor and
are not correctable with our adaptive optics.

We have shown that a combination of two DMs can
free ultrashort laser pulses from simultaneously
present heavy phase and amplitude modulations
without any penalty in recompression fidelity and
focusability.
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Abb. 1 Beschleu-
nigungsmecha-
nismus: Der
Laserpuls beschleu-
nigt in einer Folle
Elektronen (rot-
orange), die auf
der Riickseite eine
Ladungsschicht
und damit eln
elektrisches Feld
erzeugen. Diese
lonisiert und
beschleunigt die
Atome (In diesem
Fall Kohlenstoff)
aus der Folienriick-
selte,

FORSCHUNMI(
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Teilchenbeschleunigung mit Lasern

Einer internationalen Gruppe von Forschern aus Deutschland (MPI fiir
Quantenoptik, IMU Miinchen, GSI Darmstadt) sowie Frankreich (LULI)
und den USA (General Atomic) ist es gelungen, Fluor- und Kohlenstoff-
ionen mittels eines Hochleistungslasers auf Energien von iiber 100 MeV
zu beschleunigen. Diese Methode eréffnet Anwendungsméglichkeiten
in Bereichen wie Laserfusion, Medizin oder Laborastrophysik.

Hochenergie-Kurzpulsliser erzeugen
[iir die Daaer des Laserpulses im Fo-
kus Intensiiten von 10'7-10°" W/em!?
und ionisicren dic Materie. Die im
Plasmia aufltretenden elektrischen
und magnetischen Felder Gibertreffen
alle jemals zuvor im Lubor erzcugten
Feldsticken um vicle Grogenosdnun:
gen und sind vergleichbar mit Ver-
hiiltnisscen, wic sic sonst nur in Pulsa
ren, Supernovae und andecen asteo
physikalischen Objekten auftreten
Erzcugt man solche Bedingungen
nun kontrolliert im Labor, lassen sich
nevartige Materiezustinde und Phii
nomence beobachten,

In unseren Experimenten fokus
sicren wir den 100-TW-Laser des La-
boratoire pour I'Utilisation des Lasers
Intenses (LULD in Palaiseau, Frank-
reich, auf cine wenige Mikrometer
diinne Folie aus Aluminium oder
Wolfrim, dic auf der Riickseite mil
Kohlenstott bzw. CiaF, beschichtet ist
Abbildung 1). Dic 300 £s Kurzen
Laserpulse erzeugen im Fokus eine

Leistungsdichte von 5:-10' Watt/em?

Metalifoiic
Vorplasna /
¥
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Dadurch werden die Elekivonen der
Folicnatome von den Laserfeldern in-
nerhalb von ca. 2 s oahezo auf Licht-
geschwindigkeit (Fnergic: 2 MeV) be-
schleunigt. Dic Atomrimple veeblei
ben zuniichst im Laserfokus. Sie wer
den auf Grund ihrer groBeren Trilg-
heit nicht so schoell beschleunigt.
Noch bevor sie einen nennenswerten
Impuls aufnchmen kdnoen, wechselt
das Laserfeld scin Vorzeichen und
wirk( nun bremsend

Dic Elektronen haben jedoch dic
Region bereits verlassen und hehal-
ten deshally ihre Geschwindigkeir
bei. Aufgrund von celativistischen Tf
lekten wirke auf die Elektronen trotz
der transversaten Naror der Laserfel-
der cine Beschleuniguny in Liserrich
tung, Dies [hrt zu cinem starken
Elektronenstrom darch die Folie, der
bei seinem Austritt aul der Riickseite
dort ein sehr starkes quasistatisches.
das heift niclu oszillicrendes, clek
trisches Feld erzeugt. Dieses Feld
erceicht cine Stirke von mehr als
10"2 Volt pro Meter und ist damit
rund zehnnal groBer als
das Feld, das ein Tlektron
im Wasserstoffatom il
Dadurch werden die Ato-
me an der Folienober-
(Fiche ionisiert und he-
schlevnigt, wobei die¢
héchste Lnergie mit -
Tonen erzielt wuede. Ein
Laserpuls erzeugl etwa
10" Tonen und beschleu
nigl sic auf ciner Distanz
von nur 1O pm aul Ener-
gicn von liber 100 MceV
[L]. Konventionelle
Beschleuniger hendtigen
dazu Strecken von ca
LOO Metern

e
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Dic¢ lonen werden in cinem kur
zen Puls aus cinen sehr kleinen
Raumvolumen emittiert und ilre Tea
jektorien iiberschneiden sich nicht
Dic danaus resulticrende hohe Stralil
qualitit ist cine wichtige Vorrausset-
zuang, fir weitere Anwendungen und
cine bessere Kontrolle des Tonen-
strabls. Die Jonenpulse haben unge-
filir die Daucer des Laserpualses und
sind damit mehr als tausendmal ke
zer als jeder herkdmmlich erzeugle
Puls. Da die positive Tonenladuny im
laserbeschleunigien Puls duech be-
gleitende Tlekeronen kompensiert
wird. konnen auBerden Teilehensiri>
me von einigen MA realisiert werden
und licgen damit um vicle Groen
ordnungen tiber denen konventio-
neller Beschleuniger. Aufgrund dieser
cinzigartigen Eigenschatten konnten
lasceheschleunigle Protonen bereits
edolgreich in der Diagnostik von
hochdichten, kurziehigen Plasmen
oo elektrischen Velder cingesetzy
werden

Aus den Encrgiespekiren der La
dungszustinde lassen sich wichtipge
Intormationen {iber die Dynamik der
Felder und den Beschleunigungsmie-
chanismus gewinnen, dic in Zukunfi
cine bessere Kontrolle des Prozesses
und der Pulscigenschalten ermig-
lichen. Die Methode erdffinet eine
Viclzaht von Anwendungen. Im medi
zinischen Bereich zur Produktion
von kurzlebigen Isotopen fiir die
Positronen-Emissions- Tomographic
(PETY, in der Grundlagenforschung
als Diagnostikverfahren oder Zind-
funke in Fusionsexperimenten, fir
neuartige Teilchenbeschleuniger nnd
sogar fiir astrophysikalische Experi-
mente inm Labor. So kann man mit
den lonenpulsen mikroskopische
Proben in wenigen Pikosekunden auf
Gber 100 000 Grad crhitzen, bevor
diese sich ausdehnen

Dic Arheit wurde unterstiitzt im
Rabhmen des EU-Programmes N,
HPRL CT 19990052, Grant-Nr.
CL127.

[1] M. Hegelich et al., Phys,Rev.Lett 2002, 89,

085002
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. Prof. Dr. Georg Pretzler, als ich begann noch Habilitant, fiir die fundierte Einfiihrung
in mein Arbeitsgebiet und die Unterstiitzung bei den Rechnungen zu Felddynamik.
Von hier aus nochmal herzlichen Gliickwunsch zu deiner Professur und das deine neue

Arbeitsgruppe so erfolgreich werden moge wie die alte.

... Prof. Dr. Markus Roth, Dr. Thomas Cowan, Dr. Jean Claude Gauthier und Dr.
|

D al’lkS agun g Patrick Audebert, dafiir das sie mich and den Experimenten in LULI teilnehmen liessen,

obwohl die Gruppe schon so gross war. Der Erfolg gibt der Entscheidung Recht. Auch

. . . . . fur die grosse fachliche Unterstiitzung und die vielen Diskussionen, ohne die meine
Zu guter Letzt mochte ich mich bei allen bedanken, die zum Gelingen dieser Arbeit beigetra-

gen haben. Die Arbeit entstand am Max-Planck-Institut fiir Quantenoptik und am Lehrstuhl

fiir Kernphysik der Ludwig-Maximilian Universitat Miinchen. Im Rahmen der Arbeit wurden

Arbeit nicht geworden wére was sie ist, mochte ich mich bei euch bedanken und hoffe,
dass wir unsere erfolgreiche (berithmt-beriichtigte) und nicht zuletzt vor allem viel
Spass machende GSI-LULI-GA-MPQ-Kollaboration auch in Zukunft aufrechterhalten

ausserdem Experimente am Laboratoire pour I'Utilisation des Lasers Intenses der Ecole Poly- ' ) . _
werden. (Auch wenn noch ein oder zwei Institutslogos hinzukommen).

technique in Palaiseau, Paris, sowie dem Los Alamos National Laboratory in New Mexico,
USA, durchgefiihrt. Das System zur Auswertung der Kernspurdetektoren wurde von der AG ... M. Allen, Abel Blazevic (diesmal richtig geschrieben), Erik Brambrink und Matthias
Heinrich der Universitiat Siegen bereitgestellt. Den Mitarbeitern dieser Institute gilt mein

herzlicher Dank fiir die hervorragende Unterstiitzung. Mein besonderer Dank gilt ausserdem:

Geissel fiir die tatkréftige Unterstiitzung bei den Experimenten am LULI

. Jim Cobble, Randy Johnson, Sam Letzring and Juan Fernandez fiir selbige in Los

. Herrn Prof. Dr. Dieter Habs, meinem Doktorvater, fiir die Betreuung und fiir die Alamos
grossziigige Unterstiitzung mit Rat, Tat, Reise- und Sachmitteln wéihrend der gesamten
Arbeit. Wihrend der letzten vier Jahre habe ich viel gelernt, sowohl iiber Physik, ... und ganz besonders Julien Fuchs, ohne dessen nimmermiiden Einsatz am LULI Laser

. , )

als auch dariiber, wie man sie organisiert. In diesem Sinne vertraue ich weiterhin bis in die friithen Morgenstunden den Strahlzeiten nicht der Erfolg beschieden gewesen
auf eine gute Zus,a,mmenarbeit und Unterstiitzung in der Zukunft, wenn auch vorerst ware, den sie hatten. Selbst Geriichte {iber angebliche Verwandte konnten Ihn nicht
% tlantisch davon abhalten auch in Los Alamos kraftig mitzumischen.
ransa .

) ) . . . meinem Biirogenossen Stefan Karsch fir seine gute Zusammenarbeit in wirkich allen
. Herrn Prof. Dr. Klaus Witte, in dessen Gruppe am MPQ ich diese Arbeit anfertigen

konnte. Besonders seine bedingungslose Unterstiitzung, seine grundsétzlich positive

Haltung zu allen von einem kleinen Doktoranden vorgebrachten Ideen und Vorschlagen,

Bereichen. Du warst eine grosse Hilfe und ein noch grosserer Ansporn. Und wenn ich
denn eine neue Walspezies entdecken soll, wird es bei dir ein inerstellarer Nebel, viel

Ibst al darum ging die Experimente zum Grossteil an ein anderes Institut auszu- Gliick mit der neuen Teleskopmontierungist. Und immer dran denken: Alles wird gut!
selbst als es

lagern und Reisephysik zu betreiben, seine immer wertvollen Ratschlage sowohl fach- .. den Kollegen Michael Jost, Malte Kaluza, Matthias Dreher, Ulrich Andiel, Christoph
licher als auch organisatorischer und karrierebezogener Natur (und natiirlich wo man

) Gahn, Jirgen Fliefler, Jiirgen Stein, Marko Santala, der sehr kompetenten Francesca
welchen Wein kaufen sollte), haben mich viel geleehrt und die 4 Jahre am MPQ fir

Pisani (die sich immer dariiber drgert, zuerst mit dem Adjektiv "hiibsch” in Verbindung

mich zur denkbar angenehmsten Doktorandenzeit gemacht. gebracht zu werden, deshalb hier mal andersherum), sowie Klaus Eidmann und George

d unbiirokratische Ub h Tsakiris, fiir die gute Arbeitsatmossphére in der Gruppe und die zahlreichen fachlichen
B L 2 .. sche Ubernahme
. Herrn Prof. Dr. T.W. Héansch fiir die extrem kurzfristige und unburokratisc und weniger fachlichen Gespriche,

der Zweitkorrektur, ohne die ich in ernstliche terminliche Schwierigkeiten mit meinem

zukiinftigen Arbeitgeber gekommen ware. ... Alois Béswald und Harald Haas, die fiir einen allzeit zuverlassigen ATLAS-Laserbetrieb

Sorge trugen. Weiterhin gebiihrt Josef Bayerl, Manfred Fischer, Walter Folsner (nochmal

. Herrn Prof. Dr. Jiirgen Meyer-ter-Vehn, der mich fiir die Hochintensitatslaserei begeis- Danke fiir die Kiste), Giinter Keller mein Dank fiir ihre kompetente Unterstiitzung bei

tert hat und mir diese Doktorandenstelle vermittelte, selbst als sich herausstellte, das technischen Problemen.

ich keine Theorie- sondern eine Experimentalstelle wollte. Auf seinen Rat in Theo-

riefragen konnte ich mich dennoch immer voll und ganz verlassen. ... der MPQ-Werkstatt

e




... den Mitarbeitern des Lehrstuhls Habs

. meinen Eltern, die mir mein Studium erméglicht und mich immer unterstiitzt haben. Es

ist vollbracht, hiermit ist meine Ausbildung, wenn auch nicht mein Studium, abgeschlossen.

.. meinen Geschwistern, insbesondere meinem Bruder Kolja, der eine unschétzbare Hilfe

in allen Computer- und Programmierfragen ist.

. und natiirlich Quynh Anh.

Science is unforgettable - but only if you work on it out of interest and

not for some other purpose, such as getting a degree.
E. Teller [104]
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