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Chapter 1

Introduction

The development of ultrahigh-power laser systems usingettienique of chirped-pulse-
amplification (CPA) [1] has sparked an enormous scientifttvie in the field of laser-
plasma interaction. Beyond intensities of a few time$¥0/cn?, the motion of electrons

in the electromagnetic field of the laser becomes relaitiyisis the electron velocity ap-
proaches the speed of light within only one oscillation pariand a large variety of new
phenomena opens up. Worldwide, laser facilities deligepaolses with peak powers in
excess of 1 petawatt (1PW=%¥W) have either been comissioned during the last few
years [2—4] or are presently under construction. Such Bstems have pushed the limit
of achievable intensities beyond?t@V /cn? [5].

When laser pulses with these intensities interact with angt kf target material, the
rising edge of the pulse is already sufficiently intensedadform matter into the plasma
state. The main part of the pulse then interacts with a higifised and heated plasma.
Due to collective effects of the freed electrons, such anpéasan support electric fields
in excess of 15V /m. These fields are higher by several orders of magnitude amdp
to conventional particle accelerators that usually opeaatl&V /m. Due to the higher
fields the acceleration length for particles in the energygesof several 100’s of MeV is
of the order of 1 mm at most [6]. Therefore, high-power lasgesa promising alternative
to conventional RF-accelerators.

During the last decade, a dramatic increase in particlegeseraccelerated in laser-
plasma experiments could be witnessed. Primarily, the lagdt efficiently couples its
energy into the formation of collimated electron beams \pithk kinetic energies in the
range from several 100keV to more than 200MeV [6-10]. In sdaoy processes, it
is possible to generatg-rays in the MeV-range [9, 11], to accelerate protons [12-17]
and also heavy ions [18] to MeV-energies, and to generateareufrom fusion reactions
[9, 19, 20]. Although most of the proof-of-principle expaents were carried out with
large-scale Nd:Glass-laser systems generating pulseepéttion rate ot~ 1 shot/hour
at the 100TW to 1 PW level, small-scale laser systems in the20terawatt (TW) regime
operating at a much higher repetition rate allow experimént the investigation of the
physics underlying the associated acceleration proc@ssasch greater detail. Using the
2-TW laser facility ArLAs at Max-Planck Institut fir Quantenoptik operating at 10 Kz
was possible for the first time to generate positrons wittbkettop laser [21].

Although the generation of fast ions in the energy range efaX0’s or 100’s of keV
has already been observed in the late 1970’'s [22—-25], thergon of MeV-proton beams
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during the interaction of high-intensity CPA-laser pulségh thin foils has attracted a
great deal of attention due to the unique properties of seamis. Independent of the
target material, a strong and well-collimated proton digmabserved in the experiments.
These protons originate from water vapor and hydrocarbomacsinations on the target
surfaces, as it has been observed in experiments carrigd tha framework of the Los

Alamos Helios program [26].

Using the NovA-PW laser at Lawrence Livermore National Laboratory [271p&l
number of 2< 10 protons has been accelerated to kinetic energies above \L(M\5§:
The initial proton-pulse length is determined by the lasds@durationy, = 500fs in this
experiment), and it is emitted from a spot-0fL00um diameter from the rear surface of
the target. This yields an initial proton current as high @s610° A and a proton-power
density in excess of $dW /cn?, what is higher by several orders of magnitude compared
to conventional accelerators. Furthermore, the rearasidelerated proton beam exhibits
an extraordinary low emittance and an almost ideal lamiay 8s a consequence of the
acceleration process [28-30]. Such beams are therefolsuited for the imaging ofim-
scale structures on the rear surface of the target. By apately shaping the target rear
surface, the focusing of a proton beam has recently beenmrated [31]. During the
interaction of this beam with a secondary target, isochueating of the secondary-target
material to temperatures of 20eV has been obsérvad protons having MeV-energies
can penetrate dense matter, they can be used to probe highlyense plasmas that are
non transparent for optical light [32]. Due to their electcharge the protons are also
deflected by magnetic and electric fields in the plasma ang aafiormation about the
field distributions in the highly overdense regions [33, 3]rthermore, laser-accelerated
protons are envisaged as a possible ignition beam [35] irfabteignitor scenario for
inertial confinement fusion [36].

For all the applications mentioned above, the generatiggraibn beams with control-
lable parameters such as energy spectrum, brightnesspatial profile is crucial. Hence,
for the reliable generation of proton beams, the physicetyitdg the acceleration pro-
cess has to be understood as accurately as possible. Adtdirgh proof-of-principle
experiments [12—-16], systematical studies were carriedamaxamine the influence of
target material and thickness [37—-39]. To establish theiénite of the main laser pa-
rameters such as intensity, pulse energy, and durationawvéde range, results from
different laser systems have to be compared, as each syst@mrs@ small parameter
range only. Besides these parameters, strength and duddttbe laser prepulse due to
amplified spontaneous emission (ASE) play an important tole[37]. Until now, a de-
tailed investigation has not been carried out but is expetct@lay a significant role in the
acceleration process [40, 41].

Besides the influence of the experimental parameters nmeatiabove, the origin of
the fastest protons is still debated. There are at least tgeleration scenarios able
to explain the occurance of MeV-protons during the intéoacbf high-intensity lasers
with thin foils. (i) These protons may come from tfrent surface of the target, i.e. the
side irradiated by the laser [12-14] or (ii) from thear surface [15, 18, 42]. Recent

1in laser-plasma physics, it is convenient to express teatpess not in Kelvin, but in eV. The equivalent
temperature to the quasi-temperature of 1eV i$QQK.
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results indicate that both mechanisms act simultaneod8ly4§], in accordance with the
predictions of multi-dimensional particle-in-cell (PI1€des [17,45].

Special attention has also been paid to the spatial profiteeoproton beam emitted
from the target. Using the solid-state nuclear track dete€R 39, “ring’-like structures
have been observed in different experiments [13, 14, 46¢s&lstructures were the basis
for conflicting interpretations about the origin of the mnotbeam.

Aiming at a global picture for the physics underlying thetproacceleration process,
the influence of as many experimental parameters as po$sibl® be understood. Also
the role and suitability of the diagnostics used in différexperiments has to be inves-
tigated to be able to compare the results and interpretatidherefore, this work is fo-
cused on the characterisation of proton beams accelenatbijh-intensity laser-solid
interactions and the influence of the different experimgragameters on the acceleration
process.

During the course of this thesis, the following new and int@ot aspects were discov-
ered and described:

1. For the first time, a controlled variation of the laserguiee pedestal due to am-
plified spantaneous emission was achieved by implementingtea-fast Pockels
cell into the laser chain. The prepulse was characteriségrins of intensity and
duration.

2. Due to this unique possibility, the influence of the laseapplse duration on the
laser-driven acceleration of protons could be studied éapdetail. It was found to
have a huge effect on the emitted energy spectra of the r{4aih

3. By a controlled variation both of the prepulse duration &#me thickness of the
target foil used in the experiment, a clear distinction etw the two different
acceleration regimes mentioned above was possible. Fomtine, the controlled
generation of a proton population stemming from the reae siithe target was
possible for the first time.

4. By comparing the experimental results with numericalations, a quantitative
explanation of the associated effects was possible. It aasd that the prepulse-
induced changes in the target properties not only influeneedar-side proton ac-
celeration by the formation of an initial ion-density gradi as claimed in [37],
but also the density distribution in the target itself sgigninfluences the electron
propagation, which in turn affects the rear-side protorekeration [48].

The results described in this thesis both have a high retevion a comparison of existing
experimental results as well as for future experiments ragnait an optimisation of the
acceleration process. The thesis is structured as follows:

e Chapter 2 gives an overview over the physics of laser-plastesactions at rela-
tivistic laser intensities. After a description of the irgtetion of a single electron
with the laser field, the occurance of collective effects let®ons in the plasma
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are discussed. They give rise to charge separation in templand generate quasi-
static electric fields. These fields are responsible for tinelaration of protons and
light ions to MeV-energies. The two acceleration scendrios the two different
target surfaces are described.

Chapter 3 describes therBas-laser system that was used for the experiments.
The control of the laser prepulse by means of an ultra-faskés cell and the
significant enhancement of the laser focusability by adlagptics are described in
detail, as their comissioning and characterisation weljemparts of this work [49]
and were crucial for the feasibility of experiments on proazceleration.

Chapter 4 deals with the diagnostics used to charactemsprtton beam acceler-
ated during the laser-plasma interaction in terms of enspggtrum, spatial diver-
gence, and angular distribution.

Chapter 5 presents the experimental results investigdtiagdependence of the
proton-beam properties on different experimental pararseds target thickness,
prepulse duration, laser-pulse energy and emission afdle.profound effect of
these parameters on the acceleration process could be seeated [47].

To qualitatively describe the effect of the prepulse, hggramic simulations using
the code MULTI-FS [50] were carried out. The results from these simulatioms ar
discussed in chapter 6.

Chapter 7 presents a 1-dimensional computer code that wég teveloped within
the course of this work. It describes the rear-side protaelacation driven by a
hot-electron population accelerated by the laser on tlyetdront side. The code
is used to include prepulse-induced changes as target gigpaand formation of a
plasma-density gradient at the target rear side in the ig¢iser of the acceleration
process and to obtain a more detailed insight into the uyidgrphysics.

Chapter 8 draws conclusions from the comparison of the @rpatal results with

the predictions from numerical simulations and theory. gtidction between two
proton populations accelerated on either of the two targdases is possible. It
manifests the strong influence of target thickness and [gejuration on these two
mechanisms. A numerical code is used to describe the inffuefitbe fast-electron
transport on the rear-side acceleration of protons. Furtbee, the angularly re-
solved measurements are found to match the predictions lyatieee-dimensional

particle-in-cell (PIC) simulations [45], giving an insiginto the distributions of the
electron density and the acceleration fields at the targetstaface.

Finally, chapter 9 summarises this work and gives a perisjeefctr the future, sug-
gesting further experiments and numerical investigatimmscerning the accelera-
tion of protons and light ions in relativistic laser-plasimgeraction.

Appendix A describes the setup of a novel, synchronisedl@icprobe beam that
was set up during the course of this thesis and that was usddtéosferometric
side-view images taken during the laser-target interactio

In appendix P, the publications about the most importantspair this work are
attached.



Chapter 2

Laser-Plasma Interaction at Relativistic
Laser Intensities

During the interaction of ultra-short laser pulses havimglkpintensities in excess of
10*8W /c? with solid targets, the main part of the laser pulse with tighést inten-
sities interacts with a highly ionised and strongly prebdgtlasma on the target front
side. This preplasma has been formed by the unavoidablént@nsity prepulse pedestal
of the laser due to amplified spontaneous emission (ASE) nitkebleading edge of the
main pulse itself. In this preplasma, the electrons arelacted to velocities close to
the speed of light by the laser fields and therefore theiranas dominated by relativis-
tic effects. At these “relativistic” intensities, a largation of the laser-pulse energy is
converted into kinetic energy of relativistic electronshey are expelled from the focal
region of the laser pulse due to its ponderomotive force aadd behind a space charge
of positive ions close to thigont surfaceof the target. Furthermore, the electrons having
kinetic energies in the MeV-range are capable of propagaktirough the target. A strong
space-charge field is generated atrdsar surfacedue to electrons that have escaped the
target. The electric fields arising from these regions ofgh&eparations on both target
surfaces vary on a time scale that is much longer than the pes@d that dominates
the electron motion. These quasi-static fields are capdldeaelerating ions to kinetic
energies in the MeV-range. To understand and interpreettves different mechanisms
underlying the ion acceleration at the front and rear sidiheftarget, the interaction of
the laser pulse with the plasma electrons has to be desdiibed

This chapter starts with the interaction of a laser-lightvevaf relativistic intensity with
a single electron. Subsequently, effects are discussedhtise from the collective be-
haviour of a large number of electrons, when the laser pualsegacts with the preplasma
including the different collective electron-acceleratiorocesses. Finally, the two differ-
ent ion-acceleration mechanisms are introduced.
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2.1 Interaction of Laser Light with Plasma Electrons

2.1.1 Treatment of a Single Electron in the Laser Field

First, the interaction of a single electron with a plane tdigit wave is investigated.
The light wave is assumed to propagategirdirection and to be linearly polarised in
g,-direction.

Description of the Laser Field

The light wave of the laser is described by its vector poaadznﬁ(x,t), that is parallel to
the §-direction and varies only in space,and timef: *

A =g, Aosin(k x—w.t), (2.1)

wherewy /2rtis the laser-light frequency. = 2rm, /AL the wave numbed = 21c/w
the laser-wave length in vacuum, the refractive index, andthe speed of light. In the
absence of any electrostatic potentibyy, the electric and magnetic fields, andB, are
obtained from

I = —%—/:‘ — Tocogk x—wit), with Fo=§,-w Ay and (2.2)
BL = OxA=Bycogk x—oyt), withﬁo:éz-kLAo:éz”rfo. (2.3)

In vacuum, where), = 1, the laser intensity, , which is the magnitude of the Poynting
vector, S averaged over a laser periol, = 21/w, what is denoted by...), can be
written as

L= (8) = (I F < BL) =2 %, (2.4)

L
Ko

wherely is the permeability andy the permittivity of the vacuum.

Interaction of a Single Particle with the Laser Field

The interaction 9f an electron with charge and rest massy, with external electric and
magnetic fieldsZ andB, is described by itequation of motion

dg d - _

5 = g YmeY) _—e<z:+vX B), (2.5)
whereV andp are velocity and momentum of the electron, respectively.l/\/1—p% =
1/y/1—v2/c2 = \/1+ (p/meC)? is the relativistic Lorentz facto = v/c. Multiplying

INote that all field quantities of the light wave depend on spacand time t, what will be omitted for
clarity.
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eq. (2.5) withp and usingp- (V x B) = 0 andp-dp = %dpz, one obtains thevolution of
the kinetic energy, Exin = mec?(y— 1), of the electron to

= me?—) = —eE-V. (2.6)

In the classical regime, i.e. for velocities< c, wherey ~ 1, the electron motion
is dominated by the electric field, as the magnetic term isllsmby a factor ofv/c
and in the first order can be neglected. Integrating the exjuatf motion (2.5) for
this case with initial conditionsg = 0,yg = 0, andvg = 0 leads to the velocity =
&, - o/ Me- sin(k X — wi t) and the displacemeyt= eZo/wm- [cogk X — wy t) — 1]
of the electron. In the classical case, the electron oseslldriven by the external electric
field with amplitudesyy = eZo/wfme andvp = eZEy/w.me parallel to the electric field

only?.

The amplitude of the velocityp, approaches, when the so-calledormalised vector
potential

o oM
W MC MeC

(2.7)

approaches unity. In this case, a purely classical degmi no longer valid. Usingy,
the amplitudes of the electric and magnetic fields can beittewras

o = 2.321%102Y .um  and (2.8)
A m

Bo = —2-107x10T-um, (2.9)
L

The laser-light intensityl, , is given by

I = —2.1.37x 10"8W/cn? - um?. (2.10)

EES

The normalised vector potentiady, delimits the interaction of laser light with matter
into three regimes. Fap < 1, the electron motion is classical and the regime is called
non-relativistic. Forag =~ 1, the electron approaches the speed of light already during
a laser-half cycle and the interaction has to be treateg felativistic, forag > 1, the
regime is called ultra-relativistic. For a wave lengthXef = 790nm, the normalised
vector potentialag equals 1 for an intensity of.2x 10"8W/cn?. In the experiments
described in this thesis, the maximum intensity on targesiwe: 1.5 x 10'*°W /cn? with

a wave length oA = 790nm. This results in a normalised vector potentiagof 2.6.

In the relativistic regime, the solution of the equation ajtion (2.5) leads to different
results compared to the classical case [51-53]. Using tb®wpotential from eq. (2.1)

2As the amplitude of the velocity scales with the inverseiptarmass, it is obvious that during the interac-
tion with a plasma the laser mainly couples to the electroriké first place, as their mass is much lower
than the mass of even the lightest ions. Except for extretmigly intensities (see below), the ions in a
plasma are not directly affected by the laser fields but theefoof the laser light are mediated by the
plasma electrons.
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and the expressions (2.2) and (2.3) for the electric and etagfield one finds

dpy _ A
d  dt

~ e

wheredA /ot = dA/dt — (V- D)A, Vx (O x A) = O(V-A) — (v-0)A, anddA /dy = 0A/9z=0
were used. The consta@j is thefirst invariant of the electron motion. It is related to
the electron’s initial momentum i@ —direction.

Together with eq. (2.6) and considering ttat|&, andBo||&,, one obtains from eq. (2.5)

d d
% = —eyBo = mecay
P
= Y = Co. (2.12)

C, is thesecond invariantof the electron motion. Using = 1+ (p/mec)?, one finds the
following relation between longitudinal and transversalmentum,p, and py:

Px _ 1-Ci+(py/mec)?
meC 2C; '

(2.13)

Considering an electron that is at rest at 0 and atx = 0, i.e. p = 0, when the electric
field is maximal, one find€; = 0 andC, = 1. This leads to

py = eA and (2.14)
4
Ekn = Cp= e (2.15)

and one obtains the following form of the relativistic Lotzfactor for a single electron
in a laser wavey = 1+ a?/2. To derive thex— andy—coordinates of the electro =
kex— oyt and db/dt = wk. —w = w (Bx— 1) = —w /y are used, what leads to
S I
Ve T Yede o T T de
Using egs. (2.14) and (2.15), the integration of ¥he andy—component of eq. (2.16)
leads to the spatial components of the electron trajectory:

(2.16)

_ ca, 1
X = 4 (CD zcos(ZCD)) and (2.17)
C
= —ag(1—cosP). 2.18
y ao( co ) (2.18)

While they—component is identical to the classical case, the elecsrastrangly pushed
forward in laser direction foag > 1. This forward motion in the laboratory frame consists
of a drift in laser direction with the velocity

X\ &
vD_<t>_4+a§C%( (2.19)
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arising from the first part in eq. (2.17). This drift velocipproaches for ag — «. The
second part describes a rapid oscillation of the electrog-direction with twice the
frequency as irg,—direction. This gives rise to a “figure-8” motion of the elext in a
frame of reference co-moving with.

For the case of an infinitely long laser pulse with an infindtietal extension, the elec-
tron motion in the laboratry frame is sketched in Fig. 2.1 F@r the case of a laser pulse

3 T T T T s T T
(a) (b)
—_ 2r T == e} i
3 3
© ©
_— 1 B —_—
c c 4+ J_
i) o
® °f 1 ®
(®)] [®)]
c c  2F b
o it 1 9o
9 9
< L o hAAAAN N A AL
2h E VWV XX NV VY
plane wave
_3 1 1 1 1 _2 1 1
0 1 2 3 4 5 0 1 2 3
drift in laser direction [a.u.] drift in laser direction [a.u.]

Figure 2.1: Relativistic electron motion in the laser field. In (a), tlasér is a plane wave of
infinite length. In (b), the laser has a finite duration anditisex a plane wave (red line) or it is
focused to a Gaussian spot of finite diameter (green line).

of finite duration as shown in Fig. 2.1 (b), where egs. (2.1%) €.15) are still valid,
the electron is pushed forward by the laser as in (a). But vtherpulse is over, the
electron comes to a stop again (red line). In this case, #wreh is only displaced in
laser direction but gains no net energy. However, the @eatan be ejected from a laser
focus of finite diameter, if this diameter is comparable tsmaller than the amplitude of
the electron’s quiver motion. It leaves the focus under agiea®, to the laser axis with
a finite velocity (green line) by so-callggbnderomotive scatteringsee below) [54-57].
This can be understood qualitatively, as the electronistadn the laser axis, where the
fields are maximal, is displaced sideways during the firgriaslf cycle into regions of
reduced intensity. Thus the restoring force acting on teetein is smaller, when the
fields change sign. Hence, it does not return to its initiaifgan in the next laser-half
period, and finally leaves the focus with a finite velocity.

The Ponderomotive Force

If one is not interested in the detailed trajectory but ohlyfinal energy and the scattering
angle of the electron, an elegant description of the acaiberis obtained by introducing
the ponderomotive forcépong Of the laser acting on the electron [58,59]. To derive this
non-linear force, one again starts from the equation of omaf2.5), first assuming~ 1
for the classical case:

av

M = —e(E+VxB). (2.20)
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In the first order, only contributions that depend linearythe electric field Z(x,t) =
Es(T) -coqwyt), are used, whergs(T) contains the spatial dependence. For the velocity,
V1, and the displacemenrtfy, of the electron from its initial position, one finds

e

Wl = - E(f)sinet) = 5 and (2.21)
ori(ro) = @@(m)-comw. (2.22)

To proceed to the second order, the electric figl(f), is expanded around the electron’s
initial position, rp, to

—

(o) + (371 - D) z:‘ . (2.23)

T=ro

S

E(F) =

Using now only terms that quadratically dﬁepend on the atefield and deriving the
magnetic field B, from Maxwell’s equatiorl] x £ = —0B/dt, what leads tdB;(rp) =

—w 0% E e -sin(w_t), the second-order equation of motion reads
=Ip

mS = —e[ 61(%)-5)%<r6)+v‘1<m>xﬁlmﬁ}
_ —%[(éw ) (1) - coeat) +

+E(Fp) (ﬁ x ﬁ(r},)) -sinz(ooLt)} (2.24)

Temporally averaging over the fast oscillations of therdistd ((sir?(w_t)) = (coF(w t)) =
1) and usingEs x (0 x Es) = 10(Z2) — (% 0)Zs, this finally leads to

%>— ¢ O(E2). (2.25)

dt/ ame®

A fully relativistic description gives an additional factof 1/(y) [60], wherey is also
averaged over the fast oscillations of the laser field

IE‘pond = me<

Foond = ——————— LI(‘E2). (2.26)
pon 4<y> %OJE ('ES )

According to this equation, an electron is expelled fromhhigtensity regions of the laser

focus along the gradient of the laser-intensity distrititiwhich is proportional te2.

Finally, the scattering angl®, is determined by the ratio of transversal and longitudinal

momentum of the electron [55] that are determined by eq4jatd eq. (2.15):

0= arctan(&> = arctan 2 . (2.27)
Px y-1

This relation has been verified experimentally by Moetal. [54], where the scattering
of single electrons from the laser focus was observed.
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Note that all the relations derived up to this point descthminteraction of a single
electron in the electromagnetic fields of a laser pulse. Aegtmstatic potentials arising
from laser-induced charge separations during the inferactf the laser with a plasma
have been neglected so far. It will be shown in the next sectiow the situation changes,
when such effects are taken into account.

Up to now, only electrons were concerned, while the ions vessimed to form an
immobile, positively charged background. Due to their mhigher rest mass, the laser
intensities presently available are by far not high enooghigger a relativistic ion quiver
motion in the laser field. The relativistic threshold for fanws with massn, ~ 1836me
is atap = 1836 and therefore at an intensitylph? = 1836 - 1.37 x 1018 W /cm?-.um? =
4.62x 10°*W /cn?-um?, which is far beyond the present laser technology. Howewegy,
lectiveeffects of a large number of plasma electrons interactiriy & intense laser pulse
give rise to strong electric fields that vary on the time scéilhe pulse duration and not
of the laser period. On these much longer time scales, atsdotts in the plasma can
be accelerated to MeV-energies. These collective effddisegplasma electrons will be
discussed in the next section.

2.1.2 Collective Effects of Plasma Electrons

This section concentrates on collective effects of therpéaslectrons that occur during
the interaction with laser pulses of relativistic inteiesit@y > 1). While collective elec-
tron acceleration mechanisms in a plasma are discussedtiors®.2, this section is
dedicated to the relativistic equation of motion in a plasPebye-shielding, the plasma
frequency, and relativistic effects concerning the prepiag of laser pulses in a plasma.

Relativistic Equation of Motion in a Plasma

To derive the relativistic equation of motion in a plasma #ectrons are treated as a
fluid at zero temperature with density and velocity distiitnos, ne(,t) andve(T,t), that
depend on space and time. Due to their significantly higremnass, the plasma ions are
assumed to form an immobile, positively charged background

As in the case for a single electron, the behaviour of thistede fluid is described
by the equation of motion as eq. (2.5), the electric and mtigfields can now also be
modified by charge distributions and currents in the plasma

B = OxA (2.28)
oA

_l_cheI - E)

al
|

(2.29)

what leads to an equation of motion of the form

<%+v.ﬁ>p:—e[—%—?—ﬁ¢6|+\7x(ﬁx,&) . (2.30)
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Using the relationsy = v/1+ (p/mec)2, Oy = (2y) - O(p/mec)?, andv x (0 x p) =
meczﬁy— (V- ﬁ) P, one obtains theelativistic equation of motion of the plasma[61] to

% (p—eA) —vx Dx (p—eh) = O eder—yme?). (2.31)

This equation has a trivial solutiop= €A and thereforeeﬁd)d = meczﬁy, in which the
ponderomotive forcemeczﬁy, is balanced by the electrostatic foreg|d, arising from
the laser-induced charge separation in the plasma. Thikeisnp= v/1+ a2, what dif-
fers from the expression for a single electron derived ini@e@.1.1, and leads to the
ponderomotive potential in a plasma,

Ppona=Mec(y— 1) =mec? (V1+22 - 1). (2.32)

The ponderomotive potential depends on the local lasensitiethat scales witla®. In
the focus of the laser pulse, where the intensity is maximaba= ag, the ponderomotive
potential can be expressed in units of the laser intersitand the laser wave length, ,
according to eqg. (2.10):

ILAZ
Gpona=511keVx [ /1 —1. 2.33
pond ) (\/ 137 10BW/cn? pm? (2.33)

Debye Shielding

One of the key characteristics of a plasma is its tendencyidds externally applied
electric fields. The differently charged particles arraitga way that an electric field of
opposite orientation is generated that tends to canceeenal field on a macroscopic
scale, where the plasma appears to be quasi-neutral. Orr@sgopic scale, the positive
ions are surrounded by plasma electrons that shield th&ielpotential of the ions. For

a single ion with chargeZe, this shielding modifies the pure Coulomb potential by an
exponential drop [59]

1 Ze r

with the characteristic shielding lengthy, that depends on the temperatufg,and the
density,ne, of the surrounding plasma electrons:

_ [eoksTe

Ap is called theDebye lengthof the plasma anlg denotes the Boltzmann constant. In an
undisturbed plasma, charge neutrality is provided on sdalger than the plasma Debye
length.
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Light Propagation in a Plasma

If the plasma electrons are displaced from the positive iackground by an external
perturbation, a restoring force builds up due to the eledirlds arising from the charge
separation. When the perturbation is over, the electrarstst oscillate around the posi-
tion of charge equilibrium with a characteristic frequenoye, that only depends on the
density,ne, of the plasma electrons [58]:

[ nee?
e =/ g (2.36)

wye is called theelectron plasma frequency.The plasma electrons can also follow peri-
odic external perturbations, that are varying with frequiesiw < wpe. A light wave with

W < Wye Cannot propagate in a plasma, as the electrons shield thiatsg light field. If
the electric field of the external perturbation is that sirtmat the electron quiver velocity
approacheg within the oscillation, the effective electron magny increases, what in
turn changes the electron plasma frequency. Due to theticariaf the effective electron
mass during an oscillation cycle, the electron motion bezomharmonious. Then the
electron plasma frequency is given by

Ne€2
e = Eolyme (2.37)

where (y) is averaged both over the fast oscillation of the laser field mcally over
a large number of electrons. However, when the externalitnecy exceedsu,, the
electrons are too inert to follow the varying field, and th&eaxal wave can propagate in
the plasma. If on the other hand an electromagnetic wavefrgttuencywy propagates
through a plasma density gradient, it is stopped at thatrele@ensity,n;,, where the
light frequency,w,, matches the local plasma frequen@yge. This density is called the
critical plasma density

(y) - pm?. (2.38)

Ner =

€0(y)Mew? _ 111x 10%em 3
e A2

For alaser-wave length af = 790nm and low intensities, i.€y) ~ 1, the critical density
is N = 1.79x 10?1cm=3. Plasmas with electron densities above this limit are dalle
overcritical, below this density they are referred towaxdercritical

The propagation of an electromagnetic wave with frequemcyin an underdense
plasma is described by tipdasma dispersion relation

W = kZc%+ Wl (2.39)

Using the refractive index,, of the plasma, that is defined by

. Wpe 2_ Ne
nr=1/1- <I> =4/1- <n—cr>, (2.40)
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the group and phase velocity of the electromagnetic wagy@ndvp, in the plasma read

0wy w1

Vgr=——=10r-C and Vph:T_n_.C. (2.41)
r

ok
As the refractive index, in a plasma witme < ng is always smaller than 1, the group
velocity is smaller and the phase velocity larger toan

The intensity dependence of the refractive indgxvia the Lorentz factor, that is
averaged both over the fast laser oscillations and a larggban of plasma electrons,
(y) = (1+a®Y2, has several consequences for the propagation of lasezspoigela-
tivistic intensities in plasmas.

e The plasma frequency decreases for increasing laser itytefiserefore, a plasma
layer with an electron density, that is overcritical and therefore non transparent
for a sub-relativistic light wave witlay < 1, can become transparent for a laser
pulse withag < 1, when the condition

€0UF Me €00F Me
5 <Me<—3 \/1+3a3 (2.42)

is fulfilled. This phenomenon is callexklf-induced transparency[62].

o If alaser pulse with anoderate intensitythat is on the one hand low enough to be
treated classically but on the other hand sufficiently higisignificantly enhance
the ionisation degree of the plasma by optical field ionisatthe electron density
in the center of the focus is increased due to the ionisatidile the density re-
mains unchanged outside the focus. This leads to a lowexctefe index in the
center of the beam, what in turn increases the phase velwogity= c/n,, of the
laser wave in the center compared to the wings of the focustefbre, the plasma
acts as a negative lens, defocusing the laser beam. Thit sffealledionisation
defocusing
When arelativistic laser pulse is focused into a plasma, the averaged electieg, m
yme, increases the more during the oscillation in the laser.ftbkel higher the local
intensity is. This leads to a reduction of the refractiveeindn the laser axis com-
pared to the wings of the focus. If this effect dominates thesiation defocusing,
the plasma acts as a positive lens further increasing teesity compared to the
focusing in vacuum. This effect is calledlativistic self-focusing Furthermore,
the electrons are ponderomotively scattered out of theecehthe focus where the
intensity is higher, decreasing the local electron densityis effect, that further
enhances the laser-beam focusing, is referred moaseromotive self-focusing
The power threshold above which relativistic self-focgsitominates over the ion-
isation defocusing is given by [63]

c? 4 3
P — 2”%% . <%> — 17.4GW.- <%> , (2.43)
e e

wheremec? /e = 511KkV is the voltage corresponding to the electron restggnand
4tegmec® /e = 17KA is the Alfvén current [64], which is the maximum curtéimat
can be transported through vacuum (see below).
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2.2 Electron Acceleration Mechanisms in a Plasma

When a high-intensity laser pulse interacts not only witlngls electron, as it was dis-
cussed in section 2.1.1, but with a plasma, the situationrhes much more complex as a
large variety of nonlinear effects associated with thesmiVe behaviour of the electrons
opens up. It turns out that a fraction of the plasma electcansvery effectively — in total
number as well as in kinetic energy — be accelerated by mtgnsity laser pulses. A
fraction of several tens of percent of the laser pulse enemgybe converted into electrons
in the MeV-range forming directedelectron beam — in contrast to the pure heating of a
plasma resulting in an almostotropic velocity distribution. As all these different collec-
tive effects potentially influence each other, a descniptibthe whole picture as complete
as possible can only be achieved by using numerical sinoakati

Depending on the experimental conditions, different aaragion mechanisms can be-
come dominant. In general, they can be divided into two gsougirst, electrons are
accelerated at or close to the surface of the overcritieama layer, where the laser pulse
is stopped and partly reflected. These effects play a roleperaments with solid tar-
gets, where such a layer exists. Second, electrons areeeateel in underdense-plasma
regions, as they occur in gas targets or in long-scale lgmgihlasmas in front of a solid
target. These effects become dominant, when the laser paispropagate through un-
derdense plasma regions over a distance that is much looggpaced to its minimal
diameter in the focus.

2.2.1 Electron Acceleration at the Critical Surface

In experiments with solid targets, the intrinsic laser pitep due to amplified spontaneous
emission is intense enough to generate a preplasma at ¢fed et side, in which the
electron density rises from 0 in vacuum to the solid densityl(?>cm~3) over a scale
length that depends on the prepulse characteristics. Wigemain pulse is incident on
the overdense plasma surfaee 10?1 cm~2) that is parallel to the initial target surface, it
is partially reflected. As the beam cannot propagate beyisctercritical surface, the
field gradient is maximal here and it is directed normal todkercritical surface. The
ponderomotive force directed along the steepes field gnadiéves electrons perpendic-
ular to the surface of the overcritical-plasma layer inte target. While this surface is
initially parallel to the target surface, it is deformed ithgrthe interaction with the laser
as the laser pulse pushes electrons and hence also thel aititace sideways and in for-
ward direction. This effect is referred to as laser holermprin the context of relativistic
laser-plasma interaction, it has been identified in 2-D Rihuktions [65]. Due to this
effect, the direction of electron acceleration is no longelly perpendicular to the target
surface, but occurs in a direction between target normallaser direction [66]. The
mean energy or the effective temperatlgl, of the electron population accelerated in
that way can be estimated by the ponderomotive potentidleolfaser to

keTe = mec? (\/1+a5—1>
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ILAZ
= 0511MeV- | (/1+ ~1]. 2.44
(\/ 1.37x 10"8W/cmPpm? (2.44)

This relation has first been deduced from PIC simulationsezhout by S. Wilkset al.
[67] and verified experimentally by G. Mallet al. [8]. Typically, a fraction ofn ~ 25%
of the laser energy, , is converted into electrons having such a Boltzmann teatper
[9]. Laser pulses from ALAS, delivering an energy o, = 850mJ on the target with
AL = 790nm at an averaged intensity lpf = 1.5 x 10'°W/cn?, generate an electron
population with a quasi-temperature kfTe ~ 920keV. The total numbel\e, of this
population can be estimated to be the total energy of thelatipa divided by their mean
energy:

nEL

— 2
T, = L44x 107 (2.45)

Ne ~

Brunel Heating

In this scenario, g-polarised laser pulse is focused under oblique incidence onto a
solid target with a steep density gradient, i.e. a shortesleaigth,Lp, of the order of the
laser-wave length [68]. As in vacuum, the transverse eatefigld of the laser accelerates
electrons sideways. While in vacuum the electrons wouldlatesymmetrically around
the laser axis, in regions close to the critical surface efdblid the electrons only expe-
rience the electric field of the laser in areas of underaiititensity. They are accelerated
towards the vacuum in the first laser-half cycle, turn round are accelerated into the
solid, where they feel no restoring forces any more as ther fslds cannot penetrate
into overdense regions. Via this mechanism the electrongyam energy and enter the
solid along the direction of the gradient, but the acceienais only effective for steep
gradients (otherwise the necessary differences in thedaacting on the electron during
the two laser-half cycles are too small).

2.2.2 Electron Acceleration in Underdense Plasma
Laser Wake-Field Acceleration

When a short laser pulse is focused into an underdense pléasenponderomotive force
acting at the leading edge of the pulse expells electroms fhe focal region. This charge
separation excites a plasma wave that follows the lasee jiuits wake and copropagates
with the group velocityyg = ¢-n, < ¢, of the laser pulse in the plasma. The longitudinal
electric field in the plasma wave can trap electrons that eamalarge amount of kinetic
energy, when they travel with the wave. This accelerationharism, that is called laser
wakefield acceleration (LWFA), was proposed by T. Tajihal.[69]. It is most efficient,

SFor p-polarisation, the electric field vector of the laser putsgident on the target under oblique incidence
lies in the plane defined by thevector of the wave and the target normal. Buolarisation, the electric
field vector is perpendicular to this plane. Here, the latsstec field vector has no component parallel
to the target normal, as it is the case fepolarisation.
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when the laser-pulse duration is half as long as a periodeopllisma oscillation, i.e. if
T = T/wpe. The problem is to trap electrons efficiently; large tragpaccurs when the
plasma wave breaks, i.e. when groups of wave electrons raster than the wave’s phase
velocity.

Direct Laser Acceleration

During the interaction of a relativistic laser pulse withlagma of undercritical density
self-focusing of the laser pulse can occur, when the poweshttold, eq. (2.43), is passed.
This reduces the focal diameter of the laser and increasemtidnsity compared to the
focusing in vacuum. A plasma channel is formed along ther lasis, that extends over
a distance of many Rayleigh lengths of the vacuum-lasersfolruthis channel, the pon-
deromotive forces of the laser radially expell electrond additionally drive a strong
electron current along the channel. This leads to the faomaidf strong radial electric
fields due to the lack of plasma electrons in the channel andgt@azimuthal magnetic
fields due to the high current. An electron running under kmatilal pitch angles to the
axis of the channel is bent back by the strong electric anchetagfields and starts to os-
cillate in these fields. If this electron oscillation is irsomance with the Doppler-shifted
laser-light oscillation, and if the phases between electmad laser field match, the elec-
tron can gain a large amount of energy directly from the Ifisédls. This mechanism is
called direct laser acceleration (DLA) and has been desttily Z. M. Sheng, A. Pukhov,
and J. Meyer-ter-Vehn [70,71]. In an experiment carriedogu€. Gahn at the MPQ using
the ATLAS laser system, it has been demonstrated clearly [10]. Itpalde of acceler-
ating electrons to very high energies, but it requires a lagipn of underdense plasma
as present in a gas jet or in a long-scale length preplasma fflasma channel can build
up. For the “ideal” conditions of a gas jet, where a self-femlichannel of 40Qm length
was observed, a conversion efficiency of 5% was measuredjn [1

To estimate the efficiency of this mechanism in experimerith golid targets, the
possible length over which a plasma channel can form, has ttetermined. This is the
length of the region, where the electron density is abovedtesity for self focussing,
given by eq. (2.43) and below the critical density;, where the laser pulse is reflected.
Depending on the preplasma conditions, this region can &had as several tens of
micrometers only for very short laser prepulses or as lorggasral 100's ofam for very
long and intense prepulses. In the experiments of thisghéss length was of the order
of 10um to 50um. Hence, it can be estimated that the efficiency of electooelaration
via DLA will be less than 5% in the experiments reported héfer the case of a long-
scale length preplasma formed by a second, synchroniséab@ispulse as in [72], the
efficiency of this acceleration mechanism might increassiragln appendix A, some
results from an experiment are described, where electrane accelerated in a plasma
channel via direct laser acceleration. In this experimargng-scale length preplasma
was generated by a ns-Nd:Glass laser pulse, the channetiegtever more than 4Q@n.
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Concluding Remarks

Although these are only some examples for different possibénarios to accelerate elec-
trons on the target front side, multi-dimensional PIC-datians show that the electron
injection into the target mainly occurs in a direction betwearget normal direction and
laser propagation direction [66]. Here, the deformatiothefcritical surface due to hole-
boring is important, too. The direction of the electron atjen into the target also depends
on the preplasma conditions [73]. For scale lengths above. 18um, the direction of
the electron beam is mainly directed in laser forward dioectfor scale lengths below
3...5um, the electron injection into the target is mainly paratlethe target normal direc-
tion. Recent experiments carried out at MPQ showed a clséindiion between the two
acceleration directions, one in laser direction the otimerin target normal direction [74].

By these effects, a large number of high-energetic elestisrgenerated capable of
propagating through the target. During their passage ttrahe overdense part of the
target, collective effects of the beam electrons play a tole They will be discussed in
the next section.

2.3 Electron-Beam Transport Through Overdense Plasma

In the last section, mechanisms to accelerat@'? electrons (cf. eq. 2.45) with a temper-
ature of~1MeV were described. As the acceleration process occuhninjiie laser pulse
duration only, the corresponding hot-electron currentiéndy the target is of the order of
10°A. This value exceeds by far the Alfvén limit for electronr@nts, | = By- 17kA
[64]. No electron current above this limit can freely proaegin vacuum, as for such a
current the beam electrons are forced on bent trajectoyighebself-induced magnetic
field that no net current above this limit can be transpontethé initial beam direction.
However, in a plasma the transport of currents above theéAlfimit is possible, when
the hot-electron current is compensated locally by a skeitedturn current. This return
current is driven by electric fields induced by magnetic fieldld-up due to the fast-
electron current itself and by the charge separation indtget. While the hot-electron
beam is generated at the critical density, and the beam density is of the same order
(~10%1cm3), the electron density of the return currenty, is of the order of the solid
density ¢10?3cm3). Consequently, the return current consists of a slow dfifthe
background electrons. For conductors, the return curemte carried by the free elec-
trons. In insulators however, free electrons first have tgdreerated by field or collisional
ionisation [75]. These ionisation processes strongly cedbe energy of the hot-electron
beam.

The configuration of two counter-streaming electron cusés highly unstable with
respect to the Weibel instability [76], as small local pdsations in the current densities
that violate the exact balancing of the two currents give tisazimuthal magnetic fields
generated by the arising net current that tend to pinch tisarrent and to expell the
return current out of this beam filament. This can lead todnm&tion of beam filaments,
each carrying up to one Alfvén current, that is cylindriigaurrounded by a return current
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almost cancelling the magnetic field outside the filament.eltwo of these filaments
coalesce afterwards due to residual attraction, a parteoktiergy carried by the hot-
electron current is converted into transversal heatinp@surrounding plasma, until the
current carried by the merged filament is reduced to oneeAlfetrrent again. If this
effect, that was described by M. Honda [77], sets in, it ldadssignificant dissipation of
energy, the electron beam undergoes so-called anomatmuysirs.

While the distance between the filaments described abovedasabpm scale, the elec-
tron beam as a whole having an initial diameter of severatonieters can undergo beam
pinching, too. This can be understood qualitatively asofed. The background plasma
is ohmically heated by the return current [41, 75] leading taon uniform temperature
distribution of the background plasma producing a spatightion of the resistivity of the
plasma that strongly depends on the temperature [78]. Tés gse to a spatial variation
of the electric field driving the return current that genesa&in azimuthal magnetic field
that can pinch the electron beam as a whole [79]. This saeisairivestigated in detail in
chapter 8.2 using a fast-electron-transport code develbpd. J. Honrubia [80] .

2.4 Proton-Acceleration Mechanisms

As described at the end of section 2.1.1, direct interaction of protons and all the more
heavier ions with laser light of presently achievable istées is by far not strong enough

to accelerate these ions to MeV-energies. However, thenglagectrons can mediate the
forces of the laser fields to the ions by the generation ohgtlend quasi-static electric

fields arising from local charge separations. These fieldbeanf the same magnitude as
the fast-oscillating laser fields, but they vary on a timdescamparable to the laser-pulse
duration giving the ions a significantly longer time to beealecated.

In this section, the two main proton-acceleration scesanil be described, that can
both provide sufficiently strong electric fields over a sudfintly long time. According to
these two scenarios, protons can either be accelerated liasér focus at tharget front
side, where the ponderomotively expelled electrons leave loehipositive space charge
of ions, or at thaarget rear side, where the electrons, that have been accelerated by the
laser on the front side and have propagated through thet téoge a thin Debye-sheath,
that also provides strong and long-lasting electric fields.

2.4.1 Proton Acceleration at the Target Front Side

The first possible mechanism accelerates protons at thiesiidmof the target in the vicin-
ity of the laser focus due to electrostatic fields arisingrfiie ponderomotive expulsion
of plasma electrons from regions of high laser intensitiége front-side proton acceler-
ation has recently been studied by Y. Sentekal. using a 1-D PIC code [81]. In these
simulations, the laser pulse is focused into a preplasmiagaum-scale length, that has
been formed by the intrinsic prepulse of the laser. Thislpspa is assumed to be quasi-
neutral before the arrival of the main pulse, i.e. electrod @mn densities balance each
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other:neg(X) ~ Nig(Xx), as it is sketched in Fig. 2.2 (a). When the main pulse of it
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>

Figure 2.2: Electron and ion densitieggg andnjg, at the target front side immediately before (a)
and during (b) the interaction of a relativistic laser pulgth the preformed plasma. Due to the
ponderomotive force, electrons are piled up at the lasksegdtont, until the electrostatic potential

of the charge separatiofg, balances the ponderomotive potential of the la®ggng.

intensity with a normalised vector potentea > 1 arrives at the relativistic critical sur-
face, electrons are ponderomotively expelled out of thalfregion, until the electrostatic
potential, ®¢;, arising from the charge separation balances the ponddirammtential,
®pona, Of the laser, that was given in eq. (2.32), what leads to

De| ~ Ppond = mec?(y— 1) = mec? < V1+a?— 1) . (2.46)

This situation is shown in Fig. 2.2 (b). When a single protmpegiences this potential,
it can gain a maximum kinetic energy equal to the potentifiéidince. This holds true,
as long as the acceleration field lasts long enough for thtepto be accelerated to this
energy. The life-time of the field can be estimated to be teerlaulse duratior, . The
necessary proton-acceleration timg, that has to be compared to the field duratign,
will now be derived — following the paper by Sentoku.

The 1-D equation of motion for a proton in the front-side &exion field, Zy, reads

dvp, dEp
—=——1=¢ 2.47
&= g = (2.47)
wherem, andv,, are proton mass and velocity, respectively, &pa- %ﬁbvﬁ is its kinetic
energy. To integrate this equation, it is assumed that tretrektatic fieldZy, is constant
with an averaged value dt,p/2 over an acceleration lengkhax, that will be determined
below. Then the kinetic energy as a function of distamces given by

Ep(X) = e%x. (2.48)
As the maximum proton energy reached at the end of the aatieletength xmax, equals
the ponderomotive potential, i.Ep(Xmax) = Ppond= kg Te, and as the maximum value of
the electric field isEy ~ kg Te/€Ap, (See next section), the acceleration lengtkyig« =
2\p. Note that this differs from the assumptions made by Sent8k{, \wherexmax =
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Ap/2 andEyg ~ 2mec2(y>/e}\D were assumed. With these values, the protons do not gain
the maximum energy equal to the ponderomotive potentiatr&fore, the different values

as described above are used here to fulfill this requirenmehtaobtain a coherent picture

of the front-side acceleration.

To obtain the acceleration timey, the relation

M (& Bo g A&
2<dt> =X dt—\/m (2.49)

is used and integrated fror= 0 to Xmax = 2Ap, WhereE,g was assumed to be constant:

2\p
dx 8MpyAp 8MpA3
— = ~ . 2.50
Tacc 0/ (€E0/Mp)X \/ (S72%) \/ kg Te ( )

The Debye length at the critical density, that is given in(@d38), can be written as

2
ag _fokele kel keTe AL (2.51)

e wfmely) 4rmec? (y)
This finally leads to the following expression for the protteleration time

] 8rrb T N T
Tacc= m . E[ ~ 20x —<y> s (252)

whereT_ denotes the laser period. For th&LAs conditions T =2.63fs and(y) ~ 2.8),

one findstac~ 32fs, what is significantly shorter than the laser-pulseation of . =
150fs. It can therefore be concluded that during the intema®f the laser pulse with
the preplasma on the target-front side, a proton can beexetedl to the maximal energy
determined by the ponderomotive potential of the lasereNuoat eqs. (2.51) and (2.52)
differ from [81], whereAp ~ AL was assumed. The acceleration time predicted by Sentoku
for the ATLAS conditions would be 70fs. Nevertheless, both estimatesfgrare well
below the laser-pulse duration in the experiments deatiibbéhis thesis.

Further investigations of the front-side accelerationcpss carried out by Sentoku in
[81] with 1-D PIC simulations revealed an additional cditee effect of the protons, that
increases the maximum proton energies. Immediatetly tifeeinteraction with the laser
pulse, a proton front with a very sharp density peak is forméd the local electron
temperature is too high (and thus the local Debye length dag)lto shield the strong
electrostatic repulsion forces within this front, it exgés afterwards further accelerating
the fastest protons. In the simulations an increase of themusn proton velocity by a
factor of 1.5 is observed. This further increases the maimtoton energy by a factor
of (1.5)2.

Taking all these considerations into account, an analyéisamate for the maximum
energy of the front-side accelerated protons for laseregulgitht, > T5cc can be given.
Itis

Ep,front = (1-5)2'kBTe

2

= 1.15MeV- 1 -1 2.53
© <\/ T 137x 10w /cn? - um? )’ (2:53)
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and forl, = 1.5x 10'°*W/cn? andA. = 790nm as in the experiments described in chap-
ter 5, the maximum energy for protons accelerated at the: &ide of the target is

All the assumptions and conclusions discussed above agd basl-D geometry. How-
ever, as the laser focus in a real experiment has a finite témraed as the charge-
separation sheath in which the acceleration occurs willomgér be plane but convex-
shaped, the protons will consequently be accelerated irga tgpening angle around the
target normal direction, which is the initial direction dfet electron density gradient as
discussed above.

2.4.2 TNSA-Mechanism for Proton Acceleration from the Targ et Rear Side

The second possible mechanism also providing strong amdysi@rying electric fields
for an effective proton and ion acceleration acts at thestarepr surface. In this section,
the physical picture of the mechanism will be described andrelytical description for
the evolution of the electrical field driving the accelaatis presented.

The Physical Picture

MeV-electrons that have been generated in the laser foamagate through the target
as discussed above. After the fastest electrons have [eftatiget at the rear side, a
strong electrostatic potential is built up due to the chagparation in the vicinity of
the rear-side target-vacuum boundary. As soon as the sudsihy arriving electrons
pass this boundary, they are held back and forced to rettontlie target. Due to this
mechanism an electron sheath is formed at the rear surfabe ¢drget. An estimation
for the initial electric-field strength shows that the fieddls by far strong enough to ionise
atoms at the target rear surface (see below). These ionsubaamiently be accelerated
by the same fields. Due to unavoidable contaminations ofrvaat@ump-oil vapor on
the target surfaces, the favorably accelerated ion spec&grotons, as they have the
highest charge-to-mass ratio. They leave the target tegetith comoving electrons
forming a quasi-neutral plasma cloud. As the plasma deisityis cloud quickly drops
after the detachment from the target and as the temperauaraims high in this cloud,
recombination effects are negligible for propagation thagn the range of several meters
[82]. The situation for the rear-side acceleration mecraris sketched in Fig. 2.3.

The electric-field lines are parallel to the normal vectothaf target rear surface and
also the ion acceleration is aligned along this directiorheréfore, the mechanism is
calledTargetNormal-SheathAcceleration (TNSA). It has first been described by Snavely
and Wilks [15, 17] in short-pulse experiments using the NBetawatt laser at Lawrence
Livermore National Laboratory, where the emission of pnstmormal to both rear sur-
faces of a wedge-shaped target was observed. Since thenlieba widely accepted as a
possible mechanism to accelerate protons to kinetic exwewgell above 1 MeV.
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Figure 2.3: Sketch of the TNSA-mechanism. The laser pulse coming franett is focused into

a preplasma on the target front side having a long Debyelehgtont, which has been formed
by the laser prepulse. Electrons are accelerated in theflases. They propagate through the
target setting up an electrical field due to charge separatiben they leave the target at the rear
surface, forming a thin electron sheath with a very shorty@dbngth Ap rear. This electrical field
ionizes atoms at the rear surface and accelerates thenggat tasrmal direction. The ions leave
the target in a quasi-neutral cloud together with comoviegteons.

The pyhsical model underlying the TNSA-mechanism has djrdéseen described in
the early 1970’s for the acceleration of ions using ns-lpséses [83—85]. The significant
differences to present-day experiments are the much sHager-pulse durations, the
much higher electron temperatures, and the associatedatifftemporal evolution fo the
electric fields driving the acceleration process. For lpatse experiments, the plasma at
the target rear surface slowly expands. Due to the expan$tbe positive ion distribution
(see below), the electric fields at the ion front are reducgthd the expansion. Therefore,
the acceleration becomes almost ineffective already dutie laser pulse duration. For
short-pulse experiments however, the life-time of the ration field is dominated by
the laser pulse duration and not by the ion expansion it§éie acceleration process is
terminated, when the laser pulse is over.

The TNSA-mechanism works as well at the target front surfasehe MeV-electrons
that were initially accelerated in laser direction, areewt#d at both target surfaces due
to the space charge fields. They can travel through the téogand fro several times,
while they loose their energy and quickly spread out sidewhgating up the bulk of the
target. Protons accelerated at the target-front side byAr d&ve the target along the
front-side normal direction into the front-side half sphcehis effect has been observed
by G. D. Tsakiriset al. [24] and recently by E. Clarkt al. [13]. Due to the much longer

“Note that the front-side acceleration described in thedastion accelerates the protdnso the target,
while the TNSA-mechanism described here accelerates moghe front half space, i.away fromthe
target.
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scale length in the front-side blow-off plasma, that hasbgenerated by the laser pre-
pulse, the electric fields are much lower here. Althoughptbiential differencas equal
for both target surfaces, the electric fields, that are prtap@al to thepotential gradient
are inversly proportional to the Debye length in the plasheaths at each target surface.
As the potential difference and the electric fields are omptkup as long as the elec-
tron temperature remains high, ions accelerated at thettfmant side gain much lower
energies by the TNSA-mechanism.

The initial TNSA-model by S. Wilks [17] provides an analgicstimate only for the
electric field at the beginning of the acceleration processch was also derived in ear-
lier papers that described the plasma expansion into a wacliiven by a hot electron
population. The evolution during the expansion of the pralcstribution could only be
studied with multi-dimensional computer codes, that gyickached the limits of even
the most powerful computer systems. P. Mora recentyl pealigh analytical description
of the evolution of the peak electric field in the expandinaspha cloud during the whole
acceleration process for planar geometry [86]. These flasntan exactly be reproduced
by numerical but time-consuming simulations, as it will Ibewn in chapter 7. If one is
interested in the peak energy of the protons only, theseulagrcan be used to accurately
predict the peak proton energies achieved during the aetiele process from the target
rear side.

Estimation for the Initial Electric Field

To derive an expression for the initial electric fielfh, at the target rear side, the simplest
case of a pre-ionised hydrogen plasma with a step-like lg@iralensity distribution at
the rear surfacex = 0, is investigated. When an electron population with a Bo#éan-
like temperature]e, and an initial electron densitglgg, €Xits the target at the rear side, an
electrostatic potentiatpe(x), is generated that is in thermal equilibrium with the electr
density distribution:

ed>e|(x)> . (2.55)

Ne(X) = Neo- exp( KT,

Furthermore, the Poisson equation provides another patel@pendence of the charge
densities, and one obtains

e¢e| (X)

2 - exp(—kBT>—l forx<0, ()
W%(X):—p _ ko (2.56)

& €
° ° exp(%) forx>0, (Il

e

wherep(x) is the total charge distribution amg = neo for x < 0 is assumed, which implies
charge neutrality fox — —co. Case (Il) can be integrated analytically to

ede(X) ( X >
=-2In( 1+ —1 forx>0. 2.57
ke Te Vv 2eehp - ( )



2.4 Proton-Acceleration Mechanisms 25

Here,eg =2.71828 .. denotes the basis of the natural logarithm. From this eggedor
the potential, the electric fields, that has its peak value at the target-vacuum interface,
x =0, at the timg = 0, can be derived by

_ kBTe / 2 kBTeneO / 'EO (2.58)
x=0 eE

with £y = /kg Teneo/€0. Note that the initial value of the electric field at the rearface
depends on the initial electron densityp, and the electron temperatuii, only. For an
electron density ohgg = 7.3 x 10?%cm~2 and an electron temperature Tf = 920keV,
the peak value of the electric field &, = 3.0 x 10*?V/m, which lies well above the
threshold for field-ionisation of atomic hydrogen2% 10'°V /m [87]. This justifies the
assumption of a pre-ionised hydrogen target at the reaasurfNote that this field is
of the same order of magnitude as the fast-oscillating itefield in the laser focus. If
one would assume this field to be constant over the lasee-plulsation;t. = 150fs, this
would lead to a maximum proton energy 0691eV.

aq)e|
X

'Efr:—

The integration of eq. (2.56) inside the target, i.e. forecél can only be carried out
numerically. A simulation code, that calculates the pa&tim both regions (1) and (II)
for timest > 0 during the expansion of the proton distribution at thedtirgar side, will
be described in chapter 7.

Description of the Proton Expansion into the Vacuum

Starting from these initial conditions shown in Fig. 2.4, e proton distribution is ex-
panding into the vacuum, as it can be seen in Fig. 2.4 (b). Xparesion is driven by the
electric field that is generated by the hot electrons leabimigof the back of the target
and forms the rear-side Debye sheath. This electric fieldj$ kp as long as the electron
temperature remains high, i.e. as long as the laser pulséeaates electrons at the target
front side. But already during the laser pulse duration, netike electron temperature
remains high, the peak electric field is decreasing due texpansion of the proton dis-
tribution, as the positive charge distribution of the pr&towhich is no longer step-like
during the expansion, partly shields the electric field.

The plasma expansion into the vacuum is described by thdiegsaf continuity and
motion of the protons

0 0 ov,
<E +vp&> N = —npa—; and (2.59)
0 0 e 0®g
— —- = —— 2.
(at+vpax> Y mp ox ' (2.60)

wherevp = Vp(X;t) is the local velocity,n, = ny(x,t) the local density of the protons.
Using the ion-acoustic velocitgs = \/(Z keTe+ksTi)/mp ~ \/kBTe/mp for protons with
Ti < TeandZ = 1, a self-similar solution is found fot+ cgt > 0 [88], if quasi-neutrality
is assumed in the expanding plasma with

X
Ne = np:neo-exp<—a—l>, (2.61)
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Figure 2.4: Electron and proton densities at the target rear side imateglibefore (a) and during
(b) the expansion, that is driven by the electric field set yphie hot-electron population exiting
the target rear surface. During the expansion, the prot@tsitere initially situated at= 0 form

a well-defined front at the leading edge of the proton diatidn. In this situation, the laser comes
from the left and interacts with the target front side, wisatdét shown here.

Vp = cs+)¥(, and (2.62)
kg T

Fos ole _ %o (2.63)
ect Wyt

Here,wyp, = /Ne€?/€0my, is the proton-plasma frequency. This self-similar solutims
no meaning as long as theitial Debye lengthApg = \/€0ksTe/Neo€?, is larger than
the proton-density scale length in the self-similar solutcgt, that is foruwypt < 1 [86].
Furthermore, this solution predicts a proton distributioat extends to infinity with a non-
converging proton velocity fox — o, what contradicts the real situation, where protons
originally situated at the target surfacexat 0 form a well defined front at the leading
edge of the expanding proton distribution [84]. To solve tliscrepancy and to account
for the large differences in the charge distributions ofttms and protons that set up
the strong electric fields, the proton distribution is assdrto extend up to the proton
front only. The position of the front is (first empirically)efined by the condition, that
the local Debye lengthAp = App - v/Neo/Ne = Apo - eXP(1+ X/cst) /2], equals the self-
similar density scale lengtlagt. At this position, the self-similar solution predicts a fmo
velocity of vpr = 2¢sIn(wppt), implying that the electric field at the proton front has a
value of

Ty (t) = 2o =22 (2.64)

Cppt

which is obtained by integrating eq. (2.63) over time. Togetwith eq. (2.58), one has
two asymptotic solutions for the electric field at the prafimmt fort = 0 and forwppt > 1.
Mora showed by comparison with 1-D simulations [86] thatleak value of the electric
field at the proton front is very accurately descrilfedall times t > 0 by

i (t) = (2.65)

2—%_\/2&
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with T = wypt/+/2€e. Obviously, this expression has the exact asymptotic betiaioth

for t =0 and forwppt > 1. In chapter 7, the exact validity of these assumptions will
be shown by comparing the fields predicted by this formuld wésults obtained from a
numerical simulation.

Maximum Proton Energy and Spectrum for the Rear-Side Accele ration

Based on the expression (2.65) for the electric field, aitdlgtmulas for the velocity and
the position of the proton front are found by integrating fneton equation of motion
dvg /dt = eFg /myp and kg /dt = v over time:

Vir(t) = 2cs-In(1+VT12+1) and (2.66)

xir(t) = 2v/2ee-Apo [T-ln (r+ T2+1) Vi1 1} . (2.67)

12

If the proton-acceleration timeg, is assumed to be the laser-pulse duratipnwhat is
a good approximation for the duration where the electrorprature remains high, one
finally obtains the maximum proton energy as

2
1 T / 2
Ep rear™ EmpV]?r =2kgTe- |In % +1/1+ (*f_gEL . (2.68)

Here, the maximum energy of protons accelerated from thesida of the targetz, rear,
only depends on the laser-pulse duratmn,the hot-electron temperaturg, and the ini-

tial hot-electron densitye, at the target-rear surface. For the same parameters that we
used before to estimate the maximum proton energy from tigettaear side, eq. (2.68)
yields to a maximum energy of8MeV, which is smaller by more than a factor of 2 com-
pared to the case, where a constant electric field was assurhexddshows that a correct
description of the rear-side proton acceleration has t itatio account the real evolution
of the electric field including shielding effects by the emging proton distribution itself.

The proton-energy spectrum predicted by the self-simitduteon has the following

form [86]:
dN, cst 2Ep
| O eTE, eXp< \ kBTe>

L
Sge(E) e

This energy spectrum would extend to infinite proton energiethe pure self-similar
model and it would only increase in number for longer intéomctimes. However, as
it was discussed above, the protons show a sharp energy dutto the formation of
a proton front during the acceleration process. Therefdss the energy spectrum only
extends up to the peak energy of the protons situated atahe ft was shown in [86] that
the real spectrum calculated from simulations only wealkyiates from the self-similar
solution, if it is assumed that the self-similar spectrurty@xtends to the cutoff energy.
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Electron Populations with Two Temperatures

Up to now, the rear-side proton acceleration was assumesidaven by a one-temperature
electron distribution only. However, the laser-plasmatiattion on the target front side is
quite complex, as it was discussed above, and results iralaeletctron-energy spectrum
having more than only one quasi-temperature. As also thdfivetibn of the electron
spectrum during the passage of the electron beam througdiartpet is a complex prob-
lem, numerical simulations are the only tool to approxifyatiescribe the propagation
and the resulting electron spectrum at the target rear lsadést responsible for the proton
acceleration. To analytically estimate the influence of @cteon spectrum exhibiting
more than only one temperature, M. Passetrl. [41] have investigated the effect of a
two-temperature electron distribution on the initial fistdength,Zo, that drives the pro-
ton acceleration. Depending on the ratio of the quasi-presspcoid/ Phot: Of the electron
populations, whergcoig = Neold Teold @Nd Prot = Nhot Thot, the authors conclude that even
for the case of equal quasi-pressures, the hot-electropaoemt dominates the initial
electric field strengthZ. This is consistent with recent numerical simulationsiedrr
out by P. Mora, where the proton acceleration with a two-terafure electron popula-
tion was investigated [89]. Here, the increase of the prpiak energy due to the cold
electron component was estimated to be of the order of 109 ®his allows to neglect
the effect of a colder electron component, wh®pqd/ prot < 1 is satisfied. Considering
an additional, hotter electron population (e.g generateDIbA) but with a significantly
lower conversion efficiency (only a few percent compared3% Zor that one generated
at the critical density), one can assume that this hotteulptipn also has a negligible
effect on the proton acceleration, because e/ pnot > 1 is fulfilled. For this case,
the acceleration is dominated by the colder componentagain that one accelerated at
the critical density as described in section 2.2.1.

Concluding Remarks

Although the assumption that the rear-side accelerationitates when the laser pulse
is over might underestimate the maximum kinetic energiethefprotons, the electric
field quickly drops as both the electron temperature dropsaso the rear-side den-
sity decreases, as the electrons, that oscillate throwgtathet, quickly spread out side-
ways from the center of the electron beam, reducing thereledensities in the rear-side
sheath. Finally, the electric field has already droppedifsigmtly due to the expansion
of the proton distribution when the laser pulse terminafeeking all these aspects into
account, it appears to be a good estimate that the main p#neqgfroton acceleration
occurs during the laser-pulse duration only.

This analytical description for the rear-side accelerai®only valid for an initially
step-like proton distribution before the expansion stafffie reduction of the electric
fields due to an initial ion-density scale length at thar sideof the target, as it can be
formed by a prepulse-launched shock [37] or by a second leesen incident on the target
rear surface [42], cannot be taken into account. Theseteffge discussed in chapter 7,
where a 1-D simulation code will be introduced that was dgwedl during the course of
this thesis to include such preplasma effects.



Chapter 3

Experimental Setup

This chapter describes theras laser system and the characterisation of the generated
laser pulses used for the experiments of this thesis. Asapa general description of the
whole laser system and the target chamber, the wave-frorgation by adaptive optics
and the control of the prepulse pedestal are described &il,das their implementation
into the beamline was a major part of this work and indispleleséor the experiments
presented in chapter 5.

3.1 The Multi-Terawatt Titanium:Sapphire Laser System ATL  AS

The experiments described in this thesis were carried oo tise laser systemAAS at
Max-Planck-Insitut fir Quantenoptik in Garching [90]Ti4s is a 3-table-top solid-state
laser system using titanium-doped sapphire crystalg@flas an amplification medium.
Titanium:sapphire is well suited for the generation and léioation of ultra-short laser
pulses due to its broad amplification bandwidth between &801850nm. In an oscilla-
tor, pulses of a few nJ energy as short &f$ [91] have been obtained, the generation of
mJ-laser pulses shorter than 10fs has been demonstrafed [92

Pulses with much higher energies in the multi-terawatt (TdVgven petawatt (PW)
regime [93] need to be amplified in a chain of several ampdifién the laser chain, the
power and intensity of the pulses have to remain below thestioids for self-phase mod-
ulation and small-scale self focusing to preserve the lotiggments from damage. To re-
duce these quantities, either the diameter of the beam duiitgion have to be increased.
While the first method is limited by the size of amplificatiowstals that can be fabricated
with good optical quality (in terms of doping homogenietydasurface flatness), the lat-
ter method is employed in the technique of chirped-pulselifiogtion (CPA) [1]. Here,
the short pulses having a finite frequency bandwidth enteating stretcher, in which
the different frequencies have to cover optical paths dédéht length. Such a stretcher
imprints a so-called positive chirp onto the pulse, i.e.plése components with lower
frequencies leave the stretcher earlier than the highsfnecy components. While the
spectral shape of the pulse remains unchanged, its duiatinoreased by up to 5 orders
of magnitude. The power and intensity of the pulses are extlby the same factor. Af-
ter the amplification, the pulses enter a grating compreassarimprints a negative chirp
onto the pulses that exactly cancels the positive chirp filterstretcher. Gain narrowing
during the amplification process prevents from reachingotiginal pulse duration after

29
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Figure 3.1: Schematic setup of the CPA-based laser systemmA8. The diameters and energies
characterise the laser pulse at the different amplificatiages.
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recompression. At output energies between several 100sJoand several 10’s of J,
a duration of~ 25fs appears to be practically reliable [3, 94, 95], reaghinak powers
close to 1PW.

Based on the principle of CPA;JAAS generates output laser pulsegof= 130..160fs
duration (FWHM) delivering an energy of up Ep = 900mJ onto the target resulting in
peak powers exceeding 6 TW. A system of two adaptive mirmhaees the focusability
of the laser pulses and allows nearly diffraction-limiteddl spots with peak intensities
in excess of W /cn? [49]. Furthermore, ALAS is the first laser system that allows a
controlled variation of the prepulse pedestal. While poidg moderate pulses in terms
of pulse duration, output energy, and peak intensitieg,AA is a highly reliable laser
system well suited for systematic studies of relativistiedr-plasma physics.

The laser is built in modules comprising a fs-pulse ostH§CoOHERENT MIRA 900),
a four-pass grating stretcher, three amplification steayesfinally an evacuated four-pass
grating compressor. After their recompression, the aneglifaser pulses are transported
to the experiments through an evacuated tube system. Mowaiblors allow the guiding
of the pulses into different vacuum chambers. Here, theepuise focused to a mi-
crometer spot by a high-quality off-axis parabolic mirrorachieve the highest possible
intensities on the target. Fig. 3.1 shows the schematipSHtATLAS.

Oscillator and Grating Stretcher

In the front-end of ALAS, a 76-MHz train of laser pulses of 100-fs duration and 10-nJ
pulse energy is generated in a commercial Kerr-lens modeetb oscillator [96], that

is pumped by an Argon-ion laser. After stabilising the beasiniing with a closed-
loop system consisting of two pairs of quadrant detectots@ezo-driven mirrors, the
pulses enter a four-pass grating stretcher, where theatidaris increased by a factor
of 1.5x 10° to 150ps. After the stretching and before the pulses areifi@pln the
subsequent stages of the laser, pulses at a repetitionfraeHz are picked out of the
initial 76-MHz train by a Pockels cell (PC) located between trossed polarisers.

Regenerative Amplifier and Prepulse-Control Unit

The first amplification stage is a regenerative amplifiertbaithe form of a linear laser
cavity. The vertically polarised laser pulses are defleatenlthe cavity by a polarising
beam splitter. A PC located behind this first beam splittéates the plane of polarisation
of the pulses by 90 that can now pass a second polarising beam splitter behinB€
without being reflected. The pulses make 13 round-trips énctivity being amplified by
more than 5 orders of magnitude to an energy of 2mJ. At apjateptime, the PC again
rotates the plane of polarisation by°9@nd the pulses are reflected out of the cavity by
the second polarising beam splitter.

1Another approach to generate PW-laser pulses is realidatgie-scale CPA-Nd:Glass laser systems. Due
to the relatively narrow bandwidth of this amplification med, the pulse durations are significantly
longer (between 400fs and 1 ps), but the achievable enexges the range of several 100's of J [2,4,27].
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After the regenerative amplifier, the pulses pass two Pedgls again located between
crossed polarisers, that strongly reduce the prepulsesfadariginating from ampli-
fied spontaneous emission (ASE) generated in the regarestiplifier. This prepulse-
control unit will be described in section 3.3.

Multi-Pass Amplifiers and Grating Compressor

Then the ASE-cleaned laser pulses enter two four-pass digkfeers, where they reach
their final energy. After the first multi-pass stage, wher plilses are amplified to an
energy of 340mJ having a Gaussian spatial fluence diswilputhe outer regions of the
beam are cut off by an 8-mm aperture and further amplified énshcond multi-pass
stage in order to obtain a top-hat like spatial beam profilee @ the poor optical quality
of the final titanium:sapphire crystal, that produces a fietd beam profile with two
sharp intensity peaks, the first deformable mirror is itethinto the second multi-pass
amplifier, significantly smoothing the fluence pattern. Aftee amplification, the pulses
are recompressed by a four-pass grating compressor to afiretlon of 150fs.

Before the amplified and recompressed laser pulses aredyiniethe target chamber,
the pulse wave front, that shows strong aberrations dueetartiplification process in the
last amplifier and to the smoothing of the near-field fluendéepa by the first DM, is
corrected by a computer-controlled closed-loop systensisting of a Shack-Hartmann
wave-front sensor and a second DM. The two deformable rsiod their effect on the
optical properties of the laser pulses will be describedeirailiin section 3.2.

The laser pulses lose a significant part of their energy oin ey from the last am-
plifier to the target. Due to reflection losses mainly in thatigig compressor only 60%
of the pulse energy is delivered onto the target. A laserepafsinitially 1.5-J energy
entering the compressor delivers an energy of only 900 nmaJthettarget that can be used
in the experiment.

Setup in the Target Chamber

Coming from the compressor chamber and the second defaemahbior, the laser pulses
of 62-mm diameter are guided through an evacuated tubensyster movable mirrors
into different target chambers. The compressor chambetutie system, and each vac-
uum chamber are equipped with separate pump systems, eaticjilg a vacuum pres-
sure below 10°mbar. In the target chamber, the laser pulses are deflectist an angle
of 30° to the horizontal plane by a last plane mirror, before theyfacused by a 4"-
off-axis parabolic mirror with an effective focal length 862 mm onto thin foils that are
glued onto a target holder. Two synchronised probe beam8®@himh and 395-nm wave
length pass the target parallel to its surface from the silee laser-target interaction
area is side-imaged by f§/4—lens with a magnification of10 onto two CCD cameras
separated by a dichroic mirror. This allows a positioninghef target front surface with
respect to the main-pulse focus within an accuracy detemriry the spatial resolution of
the side-view image, which s 10um. The setup of these two probe beams and the pos-
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sibility to measure the electron density of a preformedmkasn the target front surface
is described in Appendix A. The paths of the different lassarbs in the target chamber
are shown in Fig. 3.2.

Figure 3.2:  Setup in the vacuum
chamber. The ALAS-pulses indi-
cated by the red beam, are deflected
by a last plane mirror (top left
corner) onto the off-axis parabola,
which is seen from the back. The
laser pulses are focused onto thin
foils that are glued onto the tar-
get holder. The target is side-
illuminated by two synchronised
probe beams (coming from the left)
that can be used to position the tar-
get and to measure preplasma for-
mation on both target surfaces. The
ion beam accelerated from the tar-
get is depicted by the yellow cone
emerging from the target. Behind
the hole in the rear chamber wall,
a Thomson parabola detects the ion
beam.

For an ideal top-hat like near-field profile with a plane waanf, the radiusts, of the
first Airy disk in the focal plane is determined by the beanmuiiter,D, , the focal length
of the focusing opticsf, and the laser wave length, [97]

f
rf~1.22- —A_ ~2.5um. (3.1)
DL

The confocal parameter of the laser focus in vacuum, whithite the Rayleigh length,
XR, IS given by

2
% ~ 50um. (3.2)
AL

Within the confocal parameter, the laser intensity is redulby a factor of 2 compared

to the peak intensity exactly in the focal plane. Again forideal top-hat like beam, a

fraction of =~ 84% of the total pulse energy is contained within this firstyAdisk. An

averaged intensityl, , is obtained from dividing the fraction of energyE,, contained

within the inner Airy disk by the product of the disk aremfz, and the pulse duration, :
nE

IL = . 3.3
L T T[rf2 ( )

2-Xp=2-

Compared to this averaged intensity, the peak intensitydrcenter of the inner focal spot
is higher by a factor ok 4.38. However, the laser pulses delivered byLAs are neither
ideally top-hat like, nor Gauss-shaped. A detailed charaztion of the pulses and the
focusability is presented at the end of the next section.
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3.2 Improvement of the Optical Quality of the Laser Pulses
using Adaptive Optics

In this section, we will describe the method of improving tpgical quality of the ampli-
fied laser pulses in order to obtain as high laser intengitiethe target as possible. In a
first step, the near-field fluence distribution has to be fiatleand, in a second step, the
wave-front abberations have to be eliminated. This is dgneéans of two deformable
mirrors.

3.2.1 Smoothing of the Near-Field Beam Profile

Due to severe growth defects and doping inhomogenietidgifirial 40-mm disk ampli-
fier of ATLAS 10, the quality of the amplified laser pulses is quite poothknear-field
beam profile two intensive peaks show up as it can be seen irBEga). When the

(a) Near-field profile without DM1 (b) Near-field profile with DM1

Figure 3.3: Near-field profiles of the ALAS pulse in the plane of the last compressor grat-
ing. While in (a) no adaptive optics are used, resulting i strong peaks with fluences of
~ 300mJcn?, the profile in (b) is significantly flattened to peak fluencé€s~090 mJycn? by
means of a first deformable mirror.

pulses are amplified to an energy ofld before they enter the vacuum compressor, the
laser fluence within these peaks exceed300mJcn?. This peak fluence lies well above
the damage threshold of 150w’ of the compressor gratings. Under these conditions,
the energy of the laser pulses transmittable through thepessor is limited to &J to
preserve the gratings from damage. This reduction of theeprergy in turn significantly
reduces the laser performance.

To smooth the near-field profile of the laser pulses, a firsbpiin deformable mirror
(DM) was installed just before the final pass of the laseretisough the 40-mm disk
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amplifier, as it is sketched in Fig. 3.1. This first DM with amlieter of 30mm has 17
active piezo electrodes. By applying voltages betwe880V and+200V to the different
electrodes, the surface of the mirror can be deformed lpcdlhis changes the fluence
distribution in the near-field profile in a plane of the lastngyessor grating (which is
~ 11 m downstream in the laser chain) and it can be controlleliherby a CCD camera.
As a result, the strong peaks in the beam profile are flattenddtee profile is nearly
top-hat like as it is shown in Fig. 3.3 (b). With this fluencdtpm, the laser pulses can
enter the compressor with a maximal energy of up.&JWwithout damaging the gratings.

3.2.2 Correction of the Laser-Pulse Wave Front

On the other hand, the profile is flattened at the expense d@iadd wave-front distor-
tions of the laser pulses leading to a very poor focusabiltig. 3.4 shows the fluence
distribution in the focal plane as it is optained, when thst fidM is optimised to give a
flat beam profile as shown in Fig. 3.3 (b).

Figure 3.4:  Fluence distribution of the laser pulses in
the focal plane of the off-axis parabolic mirror in the targe
chamber. The first DM is optimised to obtain a smooth flu-
ence pattern, but due to the strongly disturbed wave front,
the focusability is quite poor and the pulse energy is scat-
tered over a large area in the focal plane, resulting in low
peak intensities.

To obtain laser pulses with a plane wave front and thus andwegl focusability, the
wave-front distortions have to be measured and then ceddnta controlled manner.
This is done in the ALAS laser by a closed-loop system consisting of a Shack-Hariman
sensor and a second computer-controlled DM. In the Shackrdan sensor, the laser
beam passes through a 2-D array of small lenses. Each lemsefoa small local part of
the beam onto a computer-read CCD resulting in a 2-D patteiocal spots in the plane
of the CCD chip. Any local wave-front distortion of the laggam causes a sideways shift
of the associated spot in the focal plane. After the focal-pattern of an expanded beam
from a 790-nm laser diode of 75mm diameter with a wave-frastioction smaller than
A/20 was taken as a reference pattern, the wave-front dstoofi any other laser beam
can be quantified with this sensor by comparing its focal ppttern with the pattern of
the reference beam.

The wave-front abberations in thaas pulses are corrected by a second DM located
behind the compressor in the evacuated tube system. Thaimmirror of 80-mm di-
ameter has 33 active piezo electrodes. The voltages appleath of these electrodes are
controlled by the same computer, that is connected to thek3Hartmann sensor. First,
the response of the wave front on changes in the voltageegpigieach single electrode
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of the DM is determined. After that, the necessary voltagesli the electrodes to cor-
rect the focal-spot pattern and therefore the wave frontaieilated by the computer and
applied to the second DM. In the next iteration, the coriet@ve front is again mea-
sured and compared to the reference. From this new differdhe new voltages for the
DM are calculated. This iterative algorithm convergesrafieee or four steps. Then the
set of voltages is fixed and the flatness of the wave front, hvlscf the order ofA /4,
remains constant for hours within small shot-to-shot flattns of the laser. The drastic
improvement of the laser-pulse focusability is demonsttan the next section.

As mentioned above, the near-field (NF) intensity distidmft of ATLAS is not exactly
top-hat like but shows a less steep decay at the edges of dfitepas it is shown in
Fig. 3.3 (b). To quantitatively investigate the influencesath a NF profile on the far-
field (FF) intensity distribution, the NF profile was averdgeithin concentrical rings
giving an averaged NF intensity distributidig(r), only depending on the radius, The
associated electrical field distributiofing(r) O [Ing(r)]2, is shown by the red line in
Fig. 3.5 (a). For such a radially symmetric NF distributidhat can be described by
Enr(r), the FF distribution of the electrical fieldzr(p), is obtained from the following
integration [97]

Zee(p) O | el w-Jow)c (3.4)
w=0

wherew = 2rpr / fA_ is the normalised radius in the NF adg{w) is the Bessel func-
tion (of the first kind) of order zero. This calculation onlglts true for an ideally flat
wave front. For a top-hat like profile, eq. (3.4) can be solaedlytically and one obtains
the Airy pattern. The NF distribution of AAS is shown in Fig. 3.5 (a) by the red line
compared both to a top-hat profile (black line) and a Supers&an approximation of
6th order (blue line). The FF distributions of the electridifor the three different NF
profiles are given in Fig. 3.5 (b). A weak dependence on th@irNF distribution is
found for the three cases. The radius of the first minimunediffrom 25um for the
top-hat profile to Bum for the real profile. For the realTAAs-profile a peak intensity
in the center of the focal spot is found that is higher by adiaof ~ 4.78 compared to
the intensity averaged over the area within the first minimuw2-D Fourier transfor-
mation of the NF distribution carried out by R. Tommasini][@8/es the theoretical FF
distribution of the laser pulse, that is shown in Fig. 3.6.sTdlistribution is not exactly
radially symmetric, as the NF profile also deviates fromabgymmetry. However, the
radii of the minima are well reproduced by the symmetricgdragimation as depicted in
Fig. 3.5 (b).

From these considerations, we can conclude that a top-lpabxdmation for the NF
distribution of the ALAS pulses is sufficient to derive the FF distribution and to aiale
the laser intensity.

2For the spatial distribution pulse intensity and fluenceeayeivalent, the latter is the first time-integrated
over the pulse duration.



3.2 Laser-Pulse Improvements by means of Adaptive Optics 37

12} e top-hat 1
M\/’\m 1 Super-Gauss
1.0 _ s —— ATLAS-profile 7
'S 08} - E -
S, ] S,
T 06f 1 S J
w® 04l top-hat 1 ui” |
’ Super-Gauss
02l —— ATLAS-profile i ——
0.0 | | | Il Il Il Il Il Il
0 10 .20 30 40 0 1 2 3 4 S 6
radius, r [mm] radius, r [um]
(a) Near-field intensity distributions (b) Far-field intensity distributions

Figure 3.5: Comparison of the radial electrical field distributions loé hear-field of ALAS (red
line) with a top-hat like (black line) and a Super-Gaussiestridhution of 6th order (blue line) in
(a). (b) gives the corresponding radial distributions &f ¢fectrical field in the far field. The radii
of each first minimum in the far-field distributions differtaeen 25um for the top-hat profile
and 26um for the real profile.

Figure 3.6: Theoretical far-field distribution
calculated from the ALAS profile shown in
Fig. 3.3 (b) assuming a flat wave front.

3.2.3 Measurement of the Intensity Distribution in the Foca | Plane

For the measurement of a fluence distribution in the lasensfas they are shown in
Figs. 3.4 and 3.7, the laser pulses were guided into thettelngenber and focused by the
f/2.6 off-axis parabolic mirror as in the real experimenthigh-quality f /2—lens imaged
the focal plane with a magnification ef50 onto an 8-bit CCD. To increase the dynamical
range of this measurement, differently filtered images ef fticus were subsequently
taken. After these measurements, the images were addet) tao account the different
filter transmissions and thereby increasing the dynammade of the measurement to
more than 12 bits.

As on the one hand the imaging lens cannot sustain the highciseoccuring with the
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Figure 3.7: Comparison of the far-field intensity distributions in tleeél plane, (a) and (b), the
fraction of energy encircled within a certain radius (c)ddhe local intensities (d) for a plane
second DM and for the case of DM 2 controlled by the closeg-Bgstem described in the text.
For pulses of 150-fs duration and 900-mJ energy on the tatgeintensities are given in units of
10*°W/cn? in (a) and (b). In (b), the intensity averaged over the firsyAlisk (rf = 2.6um) is
1.7 x 10"°W /cn?.

full laser energy but on the other hand the wave-front digtos become maximal only
when the pulses are fully amplified, a mirror with a high-refileg coating located behind
the final multi-pass amplifier was replaced by an uncoatedgeedith a reflectivity of
only ~ 2%. Most of the laser pulse energy was transmitted throughvibdge into a
beam dump. Due to the tilt between the two wedge surfacesetreside reflection was
deflected under a different angle and thus could not entezdhmressor chamber avoid-
ing any ghost images. By this technigue, the fluence in thajiimgalens was reduced
without changing the wave-front distortions of the fully glified laser pulse. This en-
abled us to measure the equivalent focal-intensity didioh of a full-energy laser shot.

The fluence distributions in the focal plane were first meadwrith a plane second
DM (the first DM was always in operation) and then with the aglts determined by the
closed-loop system applied to DM 2. The measurements avensind=ig. 3.7 (a) and (b).
Fig. 3.7 (c) and (d) compare the fraction of the total lasds® energy encircled within a
certain radius and also the local intensities in the focahelfor the two different cases.
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While in (a), the laser-pulse energy is scattered over & larga resulting in several small
peaks with low intensities, the energy in (b) is concenttatithin a single narrow peak
having only a weak low-intensity halo around it. The frantif laser energy encirceled
within a spot of 26-um radius, which corresponds to the first Airy-disk in the qdané®,

is increased from- 5.5% in (a) to~ 60% in (b), the peak intensity is increased by a factor
of ~ 20 to a peak value approaching«d0'®W/cn? and an intensity averaged over the
first Airy-disk of 1.7 x 101°W/cn?. The measured peak value gives a Strehl-fatib

~ 0.7. The corresponding averaged intensity for the case of angeDM corrected to
be plane is only B x 10"8W/cn?. Note that all these intensities correspond to normal
incidence of the laser pulse onto the target. They are rediaceblique incidence under
the anglea by a factor of cos.

3.3 Control and Characterisation of the ASE Pedestal

In present CPA-laser systems asLAsS, amplified spontaneous emission (ASE) from
the pumped amplification crystals generates a low-intgms@pulse pedestal underneath
the short high-intensity pulse. The main contribution ts thedestal originates in the
oscillator and the regenerative amplifier, and it is furthewplified in the laser chain.
Usually extending over several ns, the ASE pedestal is grestt and passes the grating
compressor unchanged typically resulting in an on-tangiensity ratio of the order of
10’ between main pulse and prepulse pedestal. When the maie jsufscused onto
the target to intensities in excess off1%//cn?, the pedestal reaches an intensity of the
order of 162...10"*W/cn? on a time scale of several ns preceding the peak intensity.
This is sufficient to preheat and ionise the surface of a safiget producing an expanded
plasma on the target-front side. In addition, a shock walauisched by the ASE prepulse
that propagates through the target, preheats the bulk eoh#terial and — especially with
thin foils — destroys the target before the main pulse asratethe surface, what is highly
unwanted. We will concentrate on this fact and its consecgsfor experiments in a later
chapter. Therefore, the characterisation of the preputsiegial is of great importance
for precise laser-plasma experiments. Intensity and é@dpethe duration of the ASE
prepulse have to be known or — even better — controlled agatetyias possible.

Within the framework of this thesis, the characterisatiod aontrollability of the pre-
pulse pedestal in A AS was significantly enhanced by implementing an additionaéul
fast Pockels cell into the laser chain. This enabled us feffitist time to do systematic
studies of prepulse dependent effects on the acceleratiprotons and ions from thin
foils [47]. While the results from these measurements vélpbesented in chapter 5, we
will describe the setup of the Pockels cell and demonsttateffiect on the ASE pedestal
in the next sections.

SHere we used the far-field distribution associated to thenear-field profile of ALAS.
4The Strehl-ratio is defined as the ratio between real peaksitly and theoretical peak intensity, which is
4.78-times higher than the averaged intensity as we hawersabove.
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3.3.1 Pockels Cells used as Optical Shutters

To reduce the intensity and duration of the pedestal pragetfie main pulse, appro-
priately gated Pockels cell (PC) shutters are used in ther ldwin. A PC contains an
uniaxial electro-optical crystal (e.g. Potassium di-Hygkn Phosphate, KDP) with the
optical axis aligned along the direction of laser propammatilt becomes an optically bi-
axial crystal, when an external voltage is applied alongdpgcal axis. For a certain
voltage, U, » of the order of 5kV, the crystal acts like g 2-wave plate for the wave
lengthA, rotating the plane of polarisation of the incident lightwedy 90. If the PC
is positioned between two crossed polarisers, it can be aseth optical shutter. The
incoming light wave passes the first polariser (e.g. a Glampgrand the PC. It is blocked
by the second polariser when no voltage is applied to the BCit lban pass when the
voltage matched), ,. In a laser systent), , is applied by means of a high-voltage (HV)
pulser just before the arrival of the main pulse. The preagpdiSE pedestal is blocked
and only the main pulse can pass, as its polarisation iscebtay the PC. Nevertheless,
the minimal duration of the pedestal preceding the mainepislémited by the following
factors:

e The optical shutter has to be opened completely before thia mdse passes
through to avoid its clipping. Therefore, tleéectronicrise time of the HV signal
applied to the crystal is a lower limit for the minimal duratiof the ASE pedestal.

e Theoptical rise time of the PC scales with the diameter of the electtcalpcrys-
tal, additionally increasing thtal opening time of the optical shutter.

e As the PC is located at a position in the laser chain, wherarthi@ pulse is still
stretched to~150ps to avoid optical damages in the material, the pedestaih
this time window cannot be reduced without clipping a pagttain pulse. After
recompression, which leaves the incoherent pedestal ngelathe main pulse sits
in the middle of this pedestal, which then star{85 ps before the peak intensity.

e The suppression factor of a single PC is limited-t&00. .. 1000 due to non-ideal
polarisation and parallelism of the incoming laser beam.

3.3.2 System of Pockels Cells in ATLAS

In ATLAS two PCs are used to control the ASE pedestal preceding the paése. The
setup is sketched in Fig. 3.8. While PC 3 is controlled by avd/ pulser having a
signal-rise time of-5...6ns, an ultra-fast HV pulser @NTECH Pulse Generator GPS3/S
[99]) is used for PC 4. It delivers a rectangular HV signakhwdtrise time of~120ps and
a duration of 5ns. The total rise time of the optical gate iseased te-250...300ps due
to the finite diameter and response time of the PC, the durafidhe gate is increased
to 6ns. Due to the jitter of the electronic trigger for theNTECH pulser (jiter~150ps),
the duration of the pedestal was chosen to be longetjky to avoid clipping of the
main pulse at the expense of shortening the prepulse. Aftemnpression, the minimum
achievable duration of the ASE pedestal at an intensity téve 10'>W /cn? on the target
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Figure 3.8: Setup of the ASE-suppression system using a combinatioiifefeht Pockels cells
and polarisers in the A As laser. The prepulse diagnostic consists of a pair of difféydiltered

PIN diodes connected to a fast oscilloscope.

was therefore

TASEmin = (500:|: 150) ps

It is preceded by a 6-ns ASE pedestal with an intensity ratlov 10719 due to the finite
suppression level of the ultra-fast PC. This results in éenisity of~10°W/cm? on the
target, which can be neglected for preplasma creation [10B¢ intensity evolution on

the target is depicted in Fig. 3.9.

main pulse
1,=1.5x10" W/cm® \
variable
ASE pedestal
l,~10" W/cm®

< —
fime T st min
) 6 ns ~500 p§

Figure 3.9: Schematic intensity

evolution on the target after
suppression of the pedestal with
two Pockels cells (PCs). The
main pulse (red) is preceded
by a variable ASE pedestal
(dark green) with an intensity
of ~10'?W/cn?. This pedestal

has a minimum duration of
TAsEmin~500+ 150ps, and its

duration can be increased up
to 6ns. As the ultra-fast PC
reduces the pedestal only by a
factor of ~500, the variable ASE

pedestal is preceded by a fixed
ASE pedestal (light green) with
an intensity of~10°W/cn? and

a duration of 6ns.

By changing the trigger delay for theBKITECH pulser with respect to the main laser
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pulse, the duration of the variable ASE pedestal at an iittelesel of ~ 10'2W /cm? on
the target could be varied in steps of 100 ps between the mmiralue of 500 ps and the
maximum value of-6ns.

3.3.3 Measurement of Level and Duration of the ASE Prepulse

The prepulse level and its temporal evolution were measwittda combination of two
Centronic AEPX 65 PIN diodes [101], which were separated bgam splitter as it is
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Figure 3.10: Measurement of the prepulse level with two PIN diodes for ftifferent delays of
the KENTECH pulser. The four black lines give the ASE levels for prepudlsetions of 5 ns (a),
which is the unsuppressed ASE leveb 8s (b), 25ns (c), and Bns (d). The green line gives the
filter-corrected, the red line the filter- and intensity+eated signal of the main-pulse diode.

sketched in Fig. 3.8. The diodes were connected to a fadtozedpe (a 1-GHz Tektronix
TDS 684 B with a sampling rate of 5 GS/s [102]). The part of el beam entering
the “main-pulse” PIN diode was sufficiently strong filterdélgiat the main pulse could be
recorded without overexposing the diode. The amount ofrdilbe front of the “ASE”
diode was reduced to record the energy level of the ASE paldedthough the signal
of the main pulse was strongly overexposed here. After ddgshe relative timing and
sensitivity of the two diodes including the different fiitay, time-resolved measurements
of the energy ratio between main pulse and ASE pedestal vossipe — at least within
the time resolution of the combination of oscilloscope aldidtodes {qsci~ 1.25ns). As
the compressed pulses have a much shorter duratign=efl50fs (FWHM), that cannot
be resolved, the intensity level of the main pulse is highea flactor oftesci/TL ~ 8330
multiplied with the inverse filter transmission. Assumirige tsame focusability of the
ASE pedestal and the main pulse, the upper level for thesitteratio on the target can
be deduced from this measurement. It was found to.bed2< 108 just before the arrival
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of the main pulse. Results from the measurement are showig.i3R0.

As the rise time of the ASE pedestal was expected to be mugteslite 300...500 ps)
than the time resolution of the 1-GHz oscilloscope and theti©aic PIN diodes, we
carried out a separate measurement with a 4-GHz oscilles€gktronix CSA 7404 B
[102]) having a sample rate of 20 @Sand an extremely fast GaAs-PIN diode (ET-4000
[103]) together having a time resolution ef 130ps. In this measurement, the time-
resolved increase of the prepulse intensity could be rechrahd the results are shown in
Fig. 3.11.
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Figure 3.11: Temporal evolution of the ASE prepulse measured with a 4-Gd¢dloscope and a

GaAs-PIN diode with four different trigger delays for theraifast Pockels cell. The green line
gives the unsuppressed ASE, the other three lines give tlhsured (solid) ASE evolutions for
prepulse durations afysg = 2.5ns (blue), 10ns (red), and & ns (black), respectively. The main
pulse starts at= 0.

For the shortest prepulse duratior@ée = 500 ps (solid black line), the rise time of the
ASE pedestal is also on the order of 500ps. The rise time appedncrease for longer
prepulse durations, but the changes are only marginal. r Afe linear increase of the
ASE intensity, it remains constant at an intensity leve{af.. 4) x 108 until the arrival
of the main pulse increases the intensity by several ordamsagnitude. For a prepulse
duration of 25ns (blue line), the rise time is increased~dl.0Ons, as the unsuppressed
ASE level (green line) is also not constant.

Taking the results of these two measurements together, uld esactly characterise
the temporal evolution of the ASE prepulse. The maximum ASEllis(2...4) x 1078,
The prepulse duration could be controlled by changing thger delay for the ultra-fast
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PC. The rise-times for different trigger delays could beohe=d and are approximately
linear. This measurement allows an exact numerical moglefithe preplasma formation
on both target surfaces. The corresponding simulatiorideipresented in chapter 6.



Chapter 4

Detection of Laser-Accelerated Protons and
Light lons in the Experiment

This chapter describes the diagnostics used in the expetinte characterise the ion
beam formed during the interaction of the high-intensigelgpulse from ATLAS 10 with
a thin foil. Three different diagnostics were employed:

1. the plastic nuclear track detector CR 39,
2. atime-of-flight (TOF) detector coupled to a fast oscitlgse, and

3. a Thomson parabola magnetic spectrometer.

These three different types of detectors will now be descrin detail.

4.1 lon Detection with CR 39 Nuclear Track Detectors

Preliminary measurements using a simple setup were pegtbtonshow that protons can
be accelerated to MeV-energies in thin-foil experimeniagishe ATLAS 10 laser. For
that purpose pieces of CR 39 were used to detect the protéh39¢ a solid state nuclear
track detector fabricated of polymeric plastic. The piemfgSR 39 used in this thesis were
produced by TASL in Bristol, UK [104]. When an energetic et propagates through
the plastic, it deposits certain amounts of its kinetic gperlong its path in the material
depending on the patrticle’s cross-section and its momeetsargy while it is decelerated
and finally stopped. If the amount of locally deposited epergceeds a certain threshold,
the polymeric chains of the detector material break up atgbsition. Thus the energetic
particle leaves a trace along its path in the material unsildgtopped. As the cross-sections
for electrons ang-rays are much lower than that for ions, and as the locallyosiégd
energy therefore remains below the threshold for chainkeugd, the detector is sensitive
to ion impacts only. Furthermore, protons with kinetic gies between 100keV and
5MeV leave significant traces at the front surface of thealetamaterial, where they can

IThis holds true as long as the flux of electrons grdys is not too high. In the experiments reported on
in this thesis, no detectable effect of electrong-oays on CR 39 could be observed, as the fluxes were
too low.
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be detected afterwards. This predestines CR 39 as an idedkeiector in laser-plasma
experiments, as also very small ion signals can be detedthihwhe “noise” generated
by any other energetic radiation occurring in high-intgnaiteractions.

The most common way to make the ion hits visible is to etch thstioc in hot NaOH
solution [105]. As the etching rates of the plastic diffetvbeen regions with undisturbed
polymeric structure and regions where an ion broke up thgnpatic chains, while it lost
part of its kinetic energy, small pits on the scale of sevpnalare formed on the surface
of the CR 39 plastic. These pits can easily be detected umdeptécal microscope [82].

ATLAS 10 beam |

I,=1.5x10" W/cm® 3‘

Figure 4.1: Setup for the preliminary detection
of protons using CR 39 plates partly wrapped with
15-um aluminum foil standing-9 cm behind the target.
The minimum kinetic energies for the protons that can
be detected by the two parts of the detector are 1 MeV
and 100keV for the wrapped and unwrapped part of ﬂ‘eR 39 defector
detector, respectively.

The experimental setup for the preliminary proton detectioshown in Fig. 4.1. The
CR 39 plates were positioned9cm behind the target around its normal direction. One
part of the CR 39 was covered with a i aluminum foil, the other part remained un-
shielded providing a detector sensitive to protons with different minimum energies.
Using the CSDA stopping ranges of protons in aluminum phblisby the National Insti-
tute of Standards and Technology (NIST, [106]), the stoppangesd, for protons with
kinetic energiesExin, between 300keV and 4 MeV can be approximated by

d ~ 16pm x (Eyin/1MeV)+. (4.1)

Thus the minimum proton energies detected by the CR 39 aré/ldvid 100keV for the
shielded and unshielded part of the detector, respectividig minimum proton energy
detectable by bare CR 39 is determined by the threshold #satidbe overcome to cause
significant damage in the polymeric structure of the detetiaterial.

Figure 4.2:  Magnified picture of §%

a CR39 plate after etching. Th Lovs
left part was unshielded, the righ ‘..;,'_“':'
part was covered with a 15 alu- e
minum foil. While the left part is '

the right part single pits of 1.2um
diameter can be distinguished.

'y
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A magnified section of a piece of CR 39 is shown in Fig. 4.2. Tlaéechas been etched
for 2 hours in 6-molar NaOH solution at80°C. We show the boundary between the two
differently shielded parts of the detector. The left sideswashielded and thus sensitive
to any ion with a kinetic energy above 100keV, the right sideswrapped with a 15m
aluminum foil. In this part, single pits can be distinguigh&hey can only originate from
protons with kinetic energies exceeding 1 MeV.

After this first experimental proof of the acceleration of ¥grotons with the ATLAS
laser, a more precise diagnostic was needed to charadtezipeoton beam and its energy
spectrum. For this purpose, we used a time-of-flight detetdscribed in the next section.

4.2 Spectral Characterisation of the lon Beam using a
Time-Of-Flight Detector

4.2.1 Setup of the Detector

A time-of-flight (TOF) detector realised as a Faraday cup/[1l@s it is depicted in
Fig. 4.3, is sensitive to the total electric curreltrog), impinging at timetror on the
charge collector of the detector. The temporal evolutiothefcurrent can be recorded

to fast charge Ni-mesh (65-um apertures)| Figure 4.3:

oscilloscope  collector . Schematic diagram of
(50 Q) ] e» /ons| an ion TOF detector

o © * o o including a mesh

< i * - . o ® s to shield the charge
C=1uF o ® ° o ® collector against co-
X * propagating electrons

R =1MQ \ and a metallic cylinder
secondary | 1o suppress the effect

Uc=-1.0 kV:E 3:" U= -1.1kV electron of secondary electrons
L L suppression| generated at the charge

collector.

by means of an ultra-fast oscilloscope connected to theweieAs the detector is stand-
ing at a defined distancdror, from the target, where the ions are generated, the ions are
temporally dispersed due to their different velocitigs,or kinetic energieskyin. If the
flying time of the ionstror, is much longer than the time interval within which they are
generatet], we find a direct relation betwedi, andtrog:
m o m-dfor
E = — S =
kin 2 i 2
wherem; is the ion mass. As the maximum kinetic energies of the ionasored in
the experiments are well below their rest mass (for protortis rest massn, we obtain
Emax~ 5MeV <« mpc2 = 938MeV), the classical treatment is sufficient.

0 (4.2)

2The flying time of the ions for our detector setup is of the omfel0ns and longer, as it will be shown
below, while the generation time is of the order of the lasdsg durationy. = 150fs
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To record the positive ion current only, several technicabputions have to be taken.
The ion beam flying away from the target is charge-neutrlisea co-propagating cloud
of thermalised electrons, which have approximatly the seetaity. As the TOF detector
is sensitive to thdotal current impinging on its charge collector, the ions have ¢o b
separated from the electrons. This is done by means of jarl€ick Ni-mesh with
quadratic apertures of pin that stands in front of the charge collector. It is conngcte
to a high-voltage supply that generates a potential baofiékV between the mesh and
the charge collector what is sufficient to hold back 1-ke\¢etns that co-propagate with
protons having kinetic energies of up t@MeV.

Asy-rays and MeV-electrons generated in the laser-plasmiagtten are not held back
by this potential barrier, they can reach the charge calleahd knock outssecondary
electronsfrom the collector material [108]. If these can leave thdemtbr, a positive
current is detected that is not generated by ions. To supphese secondary electrons
having kinetic energies of 50...100eV, the collector has a rake-like surface on a mm
scale, to recollect secondary electrons immediately #fr generation. Additionally, a
long metallic cylinder is positioned in front of the colleciwhere the ions can fly through,
but it is lying on a potential that repells the secondaryteters and sends them back to the
collector, generating a short positive peak in the detedtioe onset of this so-called photo
peak can be used afterwards to calibrate the flying time abtiehitting the collector, as
they-rays responsible for this peak propagate with the speddiuf |

Additionally, the TOF signal is strongly disturbed by theato-magnetic pulse (EMP)
from the high-intensity interaction. Therefore, the cartitey cables between detector
and oscilloscope, and also the oscilloscope itself werefglly shielded against electro-
magnetic radiation, but the charge collector itself coudtilre shielded completely with-
out blocking the ion beam. Fortunately, the EMP arrivesieadt the detector and is
already decreasing, when the ion beam arrives. Nevertales EMP limits — together
with the high voltage to separate the ions from co-propagagiectrons — the maximum
detectable ion energy, as these ions reach the detectordiaely after the EMP.

4.2.2 Measurement of lon Spectra

Fig. 4.4 shows a typical TOF signal recorded with the cirshitwn in Fig. 4.3 and a fast
oscilloscope (a 1-GHz Tektronix TDS 684 B with a samplingrat 5GS's and a time
resolution of~900ps [102]). The signal was attenuated by a factor of 11 d¢ggmt the
oscilloscope from saturation, but in Fig. 4.4 the real \gd®are shown. As the detector
stooddror = 182mm behind the target and its radius was 10mm, the covetiedamgle
wasAQ = 9.5msr. The inset shows the ion signal recorded ovepg, while only the
early part of the signal corresponding to the fastest ionseasl to deduce the ion spectrum.
The photo peak is clearly visible and can be used to défin® on the time axis.

The ion spectrum, d/dE, can be deduced from the TOF signidi(tror), in the fol-
lowing way?. If one assumes protons with mass,, and charge;-e, to be the main

3The oscilloscope gives a voltadé(ttor), that is associated to the ion curréftiror) = U (tror) /R, where
R =150Q is the resistance of the channel of the oscilloscope.
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Figure 4.4: lon TOF signalU (t), obtained with a 8m Mylar foil. The early part of the signal
is zoomed in from the total time window of@us given in the inset. The red line gives the signal
after applying a low-pass filter to reduce the EMP-noisesTitliered signal is used to deduce the
ion spectrum (see text). The onset of the photo peak deffire8. The indicated arrival times
hold for protons with kinetic energies of 1MeV, 500keV, aikeV. The signal extending over
severals in the inset is associated with the plasma blow-off.

contribution to this ion signal (carbon and oxygen ions caly de distinguished with a
Thomson parabola, what will be discussed later), one abtaith help of eq. (4.2)

aN| |prot tTOF _1u (tror) dror My
e R 2 ZE(ITOF)3

= ‘U (tror) - B0, (4.3)
e-n‘p dTOF'R T

where lpo(ttor) is the proton current impinging on the charge collec®r= 50Q is

the resistance of the channel of the fast-oscilloscope Uditgbr) is the voltage detected
by the oscilloscope. Using this expression, the protontspecis easily obtained. The
spectrum per solid angle corresponding to the TOF signaignd=4 is shown in Fig. 4.5.

In this spectrum, protons with kinetic energies up t6MeV are detected. The spec-
trum shows two distinct proton populations, one with a Bokinn-like temperature of
Teold = 65keV and a second one wilh,t = 200keV.

The spectrum in Fig. 4.5 was deduced assuming protons bleingrtly ion species
in the detected beam. Any additional ion species (e.g. cadsooxygen) would also
affect the spectrum, especially for higher charge stafesnd assumes that carbon ions
with the same kinetic energy as the protons, Eg, = 1.5MeV, are also accelerated
from the target, they have a velocity smaller by a factor 6{/12 due to their higher
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Figure 4.5: Proton spectrum normalised to a solid angle of 1 msr deduoed the TOF signal
given in Fig. 4.4. The spectrum consists of two distinct pnadistributions withT;qq = 65keV
and Tyt = 200keV. It shows a clear cutoff &, = 1.5MeV.

mass, and they are delayed by a factox/df2 ~ 3.46 compared to the protons and arrive
aftertror =~ 37ns at the TOF detector. This arrival time is associatedpm®on kinetic
energy of~ 120keV. The signal corresponding to higher proton enegaesot originate
from carbon ions, as they would need to have a higher kinegegy than 5 MeV. If
these simple considerations hold true, one can conclude¢h@apectrum deduced from
the TOF signal above a kinetic energyf120keV originates from protons only. For
a detailed investigation of the different ion species in fieam, a Thomson parabola
spectrometer was employed. This is described in the nefibeec

4.3 Measurement of lon Spectra with a Thomson Parabola

The only diagnostic used in the experiment, that was ableistinduish between ion
species having different charge-to-mass ratios and rebefdenergy spectra separately,
was a Thomson parabola spectrometer equipped with CR 3saata detector [82,109].
In such a spectrometer, ions are dispersed due to theiralitffecharge-to-mass ratios
and kinetic energies, while they fly through parallel eiecaind magnetic fields, that are
perpendicular to the initial propagation direction of thas.

The initial kinetic energy of the ions can be deduced fronirttleviation in the fields.
It is assumed that an ion with chargg, and massm;, propagating irg-direction with
velocity, v, enters a homogeneous electric and magnetic field digtiiuds it is depicted
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Figure 4.6: Schematic layout of a Thomson parabola. lons coming fromatget pass through
a small pinhole and fly through parallel electric and magniélds generated by two pairs of
electrodes and magnets. In these fields, they are dispemsedistict parabola traces in the plane
of the detector. In this sketch, only ions of the same spdxiewith different velocities are shown.

in Fig. 4.6. The field lines are parallel &. After the ion has moved through the field
distribution ing,-direction, it has been deflected sideways by the fields. éfassumes a
constant field strength over the total extensiprof the fields and neglects fringe effects,
the deflection parallel t6 due to the electric fieldE, is for small deviations given by

1at2— ZZZ_ of

AX~ Zat? = == .
2 2 mv?’

(4.4)

which is inversely proportional to the ion kinetic enery, = mv;?/2. The deflection
in g-direction due to the magnetic fiel#, can be written as

Ay~ Zat = 2= . (4.5)

and is thus inversely proportional to the momentyn= myv;, of the ion. Here we as-
sume a constant velocity,, when the ion passes through the fields, although it is $jight
increased by the electric field. When the ion hits the detegtach is positioned in dis-
tance,D, from the center of the fields, the total deviations are theargby

G i

AX ~EDz- —— and AY ~ BDz- —. (4.6)
myv; myvi
Taking these two equations togeth#X can be written as
£ m 2
MX~——-—(AY 4.7

which is a parabolic equation with the inverse charge-tgsmatio as a parameter. Note
that the deflection along a single parabola trace in the pidutiee detector depends on
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the ion velocity, but different ion species lie on parabaoldth different slopes. The ion
species with the highest charge-to-mass ratio (in our éxgerts protons withg; /my =
1-e/u) forms the parabola trace, which is least ber&halirection.

Figure 4.7: Digital photograph
of a CR 39 plate after etching. Thej
left side shows the bare detecto
with parabola traces from seven dif§&
ferent ion species. The origin of
the parabolas is formed by neu
tral atoms that pass through thg
Thomson parabola unaffected b
the fields. On the right side, the
traces obtained by a 3-D tracking
routine are compared to the mea
sured traces. A very good agree
ment is found that allows a clear de origin» .
termination of the ion species.

Fig. 4.7 shows a piece of CR 39, that has been etched in hot Naion after a
single laser shot. Seven different parabola traces arbleisiThe origin of all traces
in the lower right corner is generated by ions that have rdxoed with co-propagating
electrons before entering the spectrometer. As they actrielly neutral, they are not
deflected by the fields and form a spot on the detector whicHdhadso correspond to a
charged ion with infinite velocity.

To identify the ion species with a certain charge-to-masie farming a single parabola
trace, a 3-D tracking routine for different ion species aiffitbnt velocities through the
real electric and magnetic fields was carried out by J. Sobr¢l10]. The magnetic field
distribution was measured with a Hall-sensor, the eledieic distribution and the ion
trajectories through the fields were simulated using thgram EM STUDIGM [111].
The excellent agreement between the calculated and mdasaces, as it can be seen
in the right part of Fig. 4.7, allows a definite assignmenthaf different traces on the
detector to protons, € to C>, and & ions.

Each parabola trace consists of a large number of ion pitsy Tan be separated under
an optical microscope, as it is shown in Fig. 4.8. The miaspschaving x—y translation
stage and a connected CCD are controlled by a computer. érpatcognition software
fits ellipses to the pits and stores their diameters andipnosit Starting from the origin
on the detector, the deviations of the charged ions can beurezh easily. With the
dispersion relations obtained by the tracking routine,ehergy spectra of the different
ion species can be deduced from the stored deviations obthgits. The energy spectra
for the protons and the different Carbon-species deduaed fhe CR 39 plate shown in
Fig. 4.7 are presented in Fig. 4.9.
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Figure 4.8: Magnified part of the
proton parabola trace on a piece of
CR 39 after etching. The green el-
lipses were fitted to the proton pits
by the computer software. Their po-
sitions and diameters are stored for
subsequent spectral analysis. Even
slightly overlapping pits can be re-
solved. The fitting of pits essen-
tially smaller than the proton pits
(e.g. from dust) is either suppressed,
or the ellipses can be excluded af-
terwards due to their smaller diam-
eters.
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Figure 4.9: Proton and carbon spectra corresponding to the CR 39 platensin Fig. 4.7.

Different Methods for Deduction of lon-Energy Spectra

To obtain an energy spectrumN(E)/dE ~ AN(E)/AE, of a certain ion species, the
number of ionsAN(E), within the energy intervalE, E + AE], has to be determined. In
the plane of the CR 39 detector, the ion pits are spread dogoral their kinetic energy,

E, on a parabola trace. An energy inter&l, E + AE], corresponds to an intervay, y +

Ayl, along thes,—axis deviation on the detector, described by the ion-d&perrelation,
dE/dy. AN(E) can either be taken within eonstant energy intervalAE, or within a
constant deviation intervally, over the whole parabola trace. In the first case of constant
AE, the correspondingy(E )-interval becomes smaller, in the second case of conAtant
the energy intervalAE (E), becomes larger for increasing ion enerBy,As ions having
exactly the same kinetic energy are scattered within thatpda trace at least over an area
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Figure 4.10: Proton energy spectra from the same laser shot obtainedwattifferent counting
methods. For the case of the solid line, the number of iong wetected within a constant devia-
tion intervalAy = 1 mm on the CR 39 detector. The red diamonds show the specbtaimed with

a constant energy intervAE = 50keV. For kinetic energies above 2 MeV, this second spectru
becomes noisy. This is an artefact, as here the countingy@seare smaller than the size of the
pinhole image in the plane of the detector.

corresponding to the size of the image of the Thomson-p&aaidohole, a separation into
Ay-intervals smaller than the pinhole diameter during thentiog procedure generates
artificial noise in the ion spectra. This behaviour is showfig. 4.10, where the proton
spectrum of the same laser shot is deduced using the twadliffenethods described
above. For this shot, a 4508n pinhole was used in the Thomson parabola. The image
of this pinhole on the CR 39 detector has a diameter &00um. While the spectrum
obtained by counting with a constatly = 1 mm (solid black line), which is slightly above
this diameter, is smooth over the whole energy range, thetrsppe becomes noisy for
energies above.8MeV for the case of constallE = 50keV (red diamonds). Above
this energy indicated by the dashed grey line, the correfipgrinterval Ay(E), becomes
smaller than the diameter of the pinhole image. For highgiegrthe scattering amounts
up to a factor of 2. To avoid this, all ion spectra were dedfosth the CR 39 plates with
the counting method using a constant interdal,= 1 mm. This increases the error for
high kinetic energies, given by the energy distance of thia gaints in the spectrum, but
correctly mirrors the real error arising from the limitedeegy resolution of the Thomson
parabola.
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4.4 Measurement of the Spatial Profile of the Proton Beam

Finally, the spatial profile of the generated proton beammeaasured to have an estimate
of the divergence of the beam. Both the energy spectrum angrtifile of the proton
beam had to be measured from the same laser shot to elimh@ttéosshot fluctuations
on the one hand and to be able to valuate these fluctuationgitatisely on the other
hand. For this purpose, a piece of CR 39 was again positioréthd the target at a
distance of 82mm. Its front side was completely wrapped witl24m aluminum foil to
block protons with energies below 900keV. A part of the ioarhecould pass through
a small hole both in the detector and the aluminum foil to beeated in the Thomson
parabola simultaneously. Fig. 4.11 shows a typical spptile of the proton beam, that
was accelerated from an aluminum foil. Around the target normal direction, indied
by the small hole in the middle of the detector, a collimateatgn feature appears that
has a half opening angle ef10°.

300

Figure 4.11: Spatial profile of the proton beam
obtained with a 54m Al foil recorded on a piece
of CR 39. The dotted circle corresponds to a half-
opening angle of 10 The main part of the proton
beam appears to be collimated around the target
normal direction, indicated by the hole in the de-
tector. Any pits on this CR 39 plate originate from
protons with kinetic energies exceeding 900keV.
The right part gives the line-out of the photo-
200 100 0 graphic image along the dashed vertical line sug-
pixel value gesting a ring-like beam profile (see text).

i 200
pixel number

100

As the diameter of the hole was only53nm, the alignment of this detector plate was
crucial to avoid any clipping of the ion beam along its patinfrthe target to the Thomson
parabola. Therefore, a Helium-Neon laser was aligned tirde pinhole of the Thom-
son parabola pointing onto the target rear surface. This lasam thus had the same path
as the ion beam coming from the target and entering the Thompambola through the

pinhole. Before a shot with the main pulse, the hole of the @RIate was positioned
around the Helium-Neon laser beam.

For the photograph shown in Fig. 4.11, the CR 39 piece wadigosd in front of a
black screen and illuminated under oblique incidence framback by a strong lamp
avoiding direct light from the lamp into the camera. Fromgioa on the CR 39 covered
with ion pits, light is scattered into the camera resultingibright region on the photo-
graph. From regions with a plane surface, i.e. without ids, pio light is scatterd into
the camera resulting in a dark region. On the photographgn4-11, there appears to be
a ring-like region with higher pit-densities (around thesldad circle), while the central
region appears to be darker aggain suggesting a lower péitgemere. The right part
of Fig. 4.11 gives the line-out of the picture along the ddskertial line illustrating the
brightness distribution that also suggests a ring-likenbpeofile. Such ring-like features
on CR 39 detectors have been observed in several experiamahtsave been interpreted
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as signatures of a ring-like spatial profile of the protonrbemused by magnetic fields
in the target [13, 14, 44] or at the rear surface of the tar§@k [The combination of the
two proton diagnostics (Thomson parabola and CR 39 platest)led us to carry out a
detailed spectral characterisation of the proton beam theewhole profile by slightly

rotating the target around its vertical axis. Our resulesdsa totally new light onto the
interpretation of these rings. The results will be discddsehe next chapter.



Chapter 5

Experimental Characterisation of
Laser-Accelerated Protons

This chapter concentrates on the experimental resultsecoing the acceleration of pro-
tons during the interaction of theTAAs-laser pulse with thin aluminum foils. Strong
dependencies of the energy spectra and the spatial difribof the proton beam on the
target thickness and the duration of the ASE prepulse weredfoOnly the experimental
findings and their qualitative explanation will be reportedhile a quantitative interpreta-
tion, that will allow a clear connection of different featgrboth in the energy spectra and
in the beam profiles to different proton-acceleration maigmas, will follow in chapter 8.
After a description of the experimental setup for the pratwasurements in the first sec-
tion, the following two sections will concentrate on the cpgl measurements using the
Thomson parabola and discuss the influence of the targé&nsss and the prepulse dura-
tion on the spectra. In a last section, angularly resolvedsmements both of the spectra
and beam profiles of the protons will be presented.

5.1 Experimental setup

Fig. 5.1 shows the experimental setup for the proton measnts, which is similar to the
setup shown in Fig. 4.1. Here, we used a CR 39 detector wrapped2um aluminum
foil to measure the spatial beam profile of the protons witlekt energies exceeding
900keV. Through a small hole both in the CR 39 plate and thenialum foil, that was
aligned around target normal direction, ions could passemtelr the Thomson parabola,
where their energy spectra were measured simultaneoulsty.syihchronised@—probe
beam that is described in Appendix A was used to align thestdrgfore the laser shot.
The target was rotated with respect to the laser axis By@8uppress the reflection of
the pulse back into the laser chain, as such a back reflecios@verly damage optical
elements in the laser system. However, the emission coregirbtons is aligned along
target normal direction, as the field gradients on both tasgegaces that are responsi-
ble for the acceleration of the protons are parallel to thesitye gradient and therefore
perpendicular to the target surfaces.

Fig. 5.2 shows a typical proton spectrum measured with tleenBon parabola. For this
shot, a 5gm aluminum foil was used as a target, the prepulse durati@txgz = 500 ps,
and the laser intensity wag = 1.3 x 10*°W/cn?. The pinhole of the Thomson parabola

57
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Figure 5.1:  Experimental setup target ¢
for the detection of protons using ‘
both CR 39 plates and the Thomso
parabola. The CR39 plates wert
positioned 82mm behind the target CR 39, covered
Through a small hole in the CR39  With 12 ym Al
sheet aligned along the target not
mal direction originating in the fo-
cal spot center ions could passto b
detected in the Thomson parabolz to Thomson
The 2o>-probe beam was used t¢  Parabola
align the thin target foil.
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with a diameter of 30Am was positioned at a distance of 82cm from the target, cogeri
a solid angle of~10~"sr. The spectrum was measured in target normal directiothéu
defined a® = 0°) with an accuracy of-1°. In the spectrum, the proton numbers are given
per MeV and msr. The low-energy cutoB,i, = 300keV, is determined by the setup of
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Figure 5.2: Proton energy spectrum measured with the Thomson paraiiudgtarget was a pm
aluminum foil irradiated with an intensity df = 1.3 x 10'°W/cn? and a prepulse ofasg =
500 ps duration.

the Thomson parabola itself, as slower protons do no lorigrdhCR 39 detector because
they are that strongly deflected by the fields in the spectreme
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Again, two proton populations with different Boltzmankdi quasi-temperatures can
be identified: (i) a cold component with a temperaturd@fy = (240+ 30) keV and (ii)
a hot one withT,o: = (1.0+£ 0.2) MeV. The spectrum extends up to a sharp energy cutoff
at, Epmax= 3.5MeV. The appearance of such a typical well-defined maximoengy in
the proton spectrum (as it was also seen during the TOF measuts) was discussed in
Chapter 2. The error bars in the energy that are only givempbagily for four data points
in the spectrum are mainly defined by the (constant) sizeeoiftiervals for the proton pit
counting as it was discussed in section 4.3. Due to the digperelation the energy range
within such a counting interval becomes larger for increg®nergy resulting in larger
error bars for higher proton energies. The error bars in tb®op numbers are estimated
from the accuracy of the proton-pit counting to 10% for lovergies and up to 50% for
the highest energiés

5.2 Proton Spectra for Different Target Thicknesses

Figs. 5.3 (a) and (b) show proton spectra measured withreiffly thick aluminum tar-
gets. During these measurements, the laser intensity anaréipulse duration were kept
constant . = 1.0 x 10*°W /cn? andtase = 700 ps) within the unavoidable shot-to-shot
fluctuations of the laser. The target thickness was vari¢dden 0.75 and 8@m. The
aluminum foils used in the experiment were fabricated by deltow [112].

It is obvious that in Fig. 5.3 (a) the cutoff energy, as weltlas quasi-temperature of
the hottest component, and also the total number of the psdietween the lower cutoff
energy of 300keV and the maximum energy in each spectrureases steadily with the
target thickness up to theBn foil. When the target thickness is further increased, as it
is shown in Fig. 5.3 (b), the temperature and the cutoff gnefghe protons drop again.
This behaviour is depicted in Fig. 5.4.

There is a slightly different behaviour of the cutoff enemgyd the hot-temperature
component of the protons on the one hand shown in Fig. 5.4n@)oé the total pro-
ton number on the other hand in Fig. 5.4 (b). While the first tyuantities both reach
their maximum at a target thickness ¢fi8, the total proton number is peaked at a foil
thickness of fim. This difference is due to the much higher proton numbehefaold
component, that indeed peaks for a somewhat thicker tac§efiy. 5.3). Note that for
the 86um thick target only a very small number of protons could beeckeid exactly at
the lower cutoff energy of the Thomson parabdi,, = 300keV). Therefore, only the
cutoff energy of these protons can be given but not their esatpre or total number.

IThe lower cutoff energy measured with the TOF detector istdude upper limit of detectable proton
energies determined by the high voltage applied to the tigtéc suppress the co-moving electrons.
Furthermore, aluminum targets are studies here, whereaEQ@F measurements were carried out with
thin Mylar foils.

2Counting errors can arise, e.g., from dust particles, thaewvalso counted and could not be distinguished
from the real proton pits afterwards. These errors are mabion the highest proton energies, as here the
proton pits density in the parabola trace becomes smalhelpits overlap within the parabola trace, the
software does not recognise two separated proton pits douits two as one.
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proton number/MeV/msr

proton energy [MeV]

Figure 5.3: Proton spectra from the Thomson parabola. The aluminumdbillifferent thickness

were irradiated by a laser intensity hf=1.0 x 10'°W/cn? and a prepulse duration ohsg =
700ps.

The optimal target thickness dopt, is defined as the value, where the highest proton
cutoff energies are achieved. For all spectra presentekisnsection measured with a
prepulse duration afase = 700 ps and a laser intensity lpf= 1.0 x 10*°W /cn?

dopt(TASE =700 IO3 =3um (5.1)
is found.

The proton spectra depicted in Fig. 5.4 (a) and (b) resolteetimo regimes which are



5.2 Proton Spectra for Different Target Thicknesses 61

| | (a) e /‘\ | ®) ]
3+ - —
\

4/ N

H»
N

proton cutoff energy [MeV]
N
!
hot proton temperature [MeV]

-
(=3
oo
-

total proton number/msr

10

1 10 10 100
target thickness [um] target thickness [um]

Figure 5.4: Cutoff energies, quasi-temperature of the hottest compuof@g, and total number
between 300keV and the maximum energy of each spectrum (h¢ girotons as a function of the
target thickness. The aluminum foils were irradiated atsardantensity of =1.0 x 101°W/cn?
and a prepulse duration ofsg = 700ps. In (a) the arrows indicate the corresponding ordinat

separated by the optimal target thickness. This phenomeamohe explained qualitatively
by the followingmodel assumptionthat is similar to the explanation given in [39]:

1. Below the optimal target thicknesd,p:, a plasma has been formed at the target
rear side, before the main-pulse accelerated hot elecaoive there and initiate
the proton acceleration. The rear-side plasma formatidreapansion are initiated
by the ASE prepulse on the target front side, both are redémethicker foils.
When the scale length of this rear-side plasma exceeds thgeBength of the
hot-electron sheath, the electric fields for the rear-sid¢op acceleration are the
more reduced, the longer the plasma scale length is [17,B@].a constant pre-
pulse duration it is therefore found that the thinner thgdtis, the flatter is the
rear-side density gradient, and the stronger are the pttwif energies reduced.
This notion well explaines the experimental observatiogisw the optimal target
thicknessdopt.

2. For thicker foils, the rear surface has remained undistlirwhen the rear-side pro-
ton acceleration starts, as the effect of the prepulse onetlneside is weaker for
thicker foils. But, due to the divergence of the electronrbéathe target, the elec-
tron spot size at the rear surface increases with incre#aiggt thickness, which in
turn reduces the electron density and therefore the aatielerfields. In addition,
energy losses of the electrons during their passage thrthegtarget reduce the
mean energy or the temperatufig, of the hot-electron component arriving at the
target rear side. Either of these two scenarios can expiaireduction of the accel-
eration fields and the corresponding drop in proton cutoffrgy for an increasing
target thickness.

In this model assumption, there are two counteracting tdrgekness dependencies of
the maximum proton energy. Due to the prepulse-inducedradsrmation at the back
of the target, the maximum proton energy increases witlkeasing target thickness up to
the optimal valued,pt, and then drops again due to the divergence of the electram be
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in the target. While the second regime should remain almuaffected by changes of the
prepulse, its duratiormasg, is crucial for the behaviour in the first regime. The longer
Tase, the thicker the target has to be to provide an undisturbads@face and therefore
dopt increases. As a consequence of this model assumption, dtestfgrotons, that are
accelerated from targets of optimal thickness, come fraametr side of the target.

5.3 Proton Spectra for different ASE Prepulse Durations

5.3.1 Measurements with a constant laser intensity

To further test the model assumption introduced in the lastian, the ASE prepulse
duration was changed. This was accomplished by varyingitdigetr delay for the ultra-
fast Pockels cell as described in chapter 3.3. In additiotihe¢oresults obtained by the
thickness variation withase = 700ps and described in the last section, thickness scans
were performed with prepulse durations e = 500ps, which is the minimal ASE
duration achievable with theTAAs-laser systemtasg = 1.5ns, andiase = 2.5ns. The
proton cutoff energies obtained during the thickness séanthe shortest and longest
ASE durations are compared with the results gfs = 700ps in Fig. 5.5.

4F e "ideal" approximation

. el
T\op 0.5 ns

proton cutoff energy [MeV]
(\©)

1 _
Toog 0.7 ns
Toog 2.5ns
0 | 1 1 1 PR S W R A | 1 1 1 PR S T T
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target thickness [um]

Figure 5.5: Proton cutoff energies obtained during scans of the tahjgkress for three different
prepulse durations;ase = 500ps (black line), 700ps (red line), andbBs (green line). The
intensity for all laser shots wag = 1.0 x 10'°W/cn?. The dotted blue line represents the “ideal”
approximation for the proton cutoff energies correspogdmthe case of no prepulgease =
0ps.
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The qualitative behaviour of the maximum proton energy asngtfon of the target
thickness is the same for all the three ASE durations, bubfiignal target thickness,
dopt, Strongly depends on the prepulse duratiogse. Note, that only the cutoff ener-
gies below each optimal target thickness are affected bygesof the prepulse duration.
They are the more reduced the longer the ASE prepulse is. ©atiier hand, the cutoff
energies appear to be independent on the prepulse durbative aach optimal thickness.
They seem to converge to an “ideal” approximation suggeltethe dotted blue line.
This ideal case would correspondtgse = 0ps, i.e. no ASE prepulse, as long as no other
effects start to play a role when the prepulse becomes ewatesh Results published
by A. Mackinnonet al. [38] obtained at theANUSP-laser system at Lawrence Liver-
more National Laboratory (LLNL) show that electron reclation in the target increases
the proton cutoff energy even more for the thinnest targetspared to the “ideal” ap-
proximation in Fig. 5.5, if the ASE prepulse is even shorted/ar the pulse cotrast is
substantially higher~ 10719 in [38] obtained with a saturable absorber in the laser chain
compared to 4 108 for the ATLAS laser). Nevertheless, within the prepulse regime
achievable with our system, which is comparable to mostrattage-of-the-art CPA lasers,
this effect of electron recirculation in the target appéearglay no significant role.

5.3.2 Influence of the laser intensity

In a next step, the influence of the laser pulse energy or gez Iatensity is investigated.
This was achieved by slightly changing the laser pulse giewmhile the prepulse dura-
tion and all other experimental parameters (especiallyrtai-pulse duration of 150fs)
were kept constant.

Fig. 5.6 shows the measured cutoff energies of the protarthifee different laser in-
tensities [ = 1.0 x 101°W/cn?,1.3 x 101°W/cn?, and 15 x 101°W/cn¥?). While the
maximum proton energies depend sensitively on the lassepnergy/intensity for ev-
ery thickness, the optimal thickness remains constantimitte accuracy limited by the
available target thicknesses.

Together with the results for different prepulse duratishewn in Fig. 5.5, it can be
concluded that the value of the optimal target thicknessarpto depend on the pre-
pulse duration only, while it is unaffected by relatively allrchanges of the laser en-
ergy/intensity. Therefore, the optimal target thicknegs,, is plotted versus the ASE
prepulse duratiomtase (Fig. 5.7). Within the error bars determined by the jittertioé
trigger for the ultra-fast Pockels cell on the one hard%0ps) and the available foil
thicknesses on the other hand, this correlation can be =appaited linearly with an ef-
fective quasi-velocityypert =~ (3.6 = 0.6) pm/ns. Since this velocity can be interpreted as
the speed of a perturbation launched by the prepulse ondhedide, travelling through
the foil and creating a plasma at its back side that affeetsehr-side proton acceleration,
it is obvious to compare it to the sound speed in cold alumincys= 6.4um/ns [113],
which is a lower limit for the speed of the perturbation. Slations using the hydrocode
MuLTI-FS [50, 114], that will be presented in chapter 6, will resollis discrepancy.

3A change in the laser pulse energy was accomplished by pthim delay between the Nd:YAG-lasers
pumping the amplification crystals in the laser chain andTit@a-pulse.
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Figure 5.6: Proton cutoff energies for three different laser intemsitachieved by changing the
main-pulse energy. While the prepulse duration for all #s=t shots was kept constant gég =
2.5ns, the laser intensity was varied betwéer- 1.0 x 101°W/cn? andl,. = 1.5 x 101%W/cn?.
Although the cutoff energies strongly depend on the lasensity, the optimal target thickness
remains unaffected.

5.3.3 Correlated Changes in the Spatial Profiles of the Proto  n Beam

To describe two further aspects concerning the energy rspantl the beam profiles of
the protons, that also change when approaching the optiangétt thickness, the re-
sults obtained with a prepulse duration @fsg = 2.5ns and a laser intensity &f =
1.3 x 10'°W/cn? are investigated in more detail. In section 5.2, targetkimess depen-
dencies both for the cutoff energy and the temperature didh@roton component were
already found (cf. Fig. 5.4).

For the longer prepulse duration ofsg = 2.5ns, this behaviour is even more pro-
nounced, as a longer prepulse is capable of producing ssid@plasma with a longer
density-scale length. The proton spectra for three foidkiesses approaching the opti-
mal target thicknessdgy: = 8.5um for this prepulse duration) are shown in Fig. 5.8 (a)
together with the spatial beam profiles{i§)l), that were recorded simultaneously. The
inset of Fig. 5.8 (a) compares the cutoff energies with thepterature of the hottest proton
component for all foils used with thicknesses between 1db30pm.

Starting at the foil thickness ofin, a second hotter component appears in the pro-
ton spectra having its highest quasi-temperaturé4df+ 0.6) MeV at the optimal target
thickness. At and above this thickness, a clear two-tenyeralistribution is obtained
in the energy spectrum. The cutoff energies match the teatyrerof the hot component
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Figure 5.7: Correlation between optimal target thicknedgy, and ASE prepulse duratiothse.
The experimentally found quasi-velocity @fert = (3.6 & 0.6) um/ns given by the red line is com-
pared to the sound spead,—= 6.4um/ns, in cold aluminum indicated by the dashed green line.

within the error bars, while for thinner targets there isyomhe proton population in the
energy spectrum. Its temperature(@50+ 40) keV is always well below the maximum
energy. This is due to the fact that the hotter proton compabkvays shows a sharp
energy cutoff, while the colder component does not.

Simultaneously with the appearance of an additional haibenponent in the proton
spectra, drastical changes in the spatial profile of theopréieam are also observed,
when the target thickness is changed. This is shown in Rég(B-—(c). Note that, as the
CR 39 detector was wrapped in a i+ aluminum foil, these far-field profiles correspond
to those protons only, that have kinetic energies exceediikeV. While for thinner
foils (1.5, 2, and §m) the beam profiles look similar to Fig. 5.8 (b), i.e. they &ather
blurred and do not show any clear structure across the bdemprofiles appear well-
collimated for thicker targets. To give an estimation of fineton-beam divergence, the
corresponding half-opening angles are given in (b). They apply for the other profiles.
The collimation apparent in (c) and (d) persists in the prdieam for all thicker foils.

Due to the non-linear response of CR 39 on high proton fluxb&;wwill be described
in the last section of this chapter, only qualitative cosins can be drawn from such
beam profiles. There appears to be a “ring’-like structurhéprofile, i.e. coming from
outer regions of the beam and moving towards its center,rifteipflux seems to increase
first and then to decrease again as it is described in chagtell e pictures shown here
are brightness-inverted photographic images taken witigigalcamera. On the first
sight, brighter regions appear to correlate to higher préiaxes. Such rings on CR 39
plates have also been observed by E. Cr&l.[13, 14] and M. Zepkt al. [44] and were
interpreted as a signature of protons coming from the tdrget side and being deflected
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Figure 5.8: Energy spectra (a) and spatial beam profiles on CR 39 plate¢dpof protons accel-
erated from aluminum foils of 2 (b), 5 (c), andbgm (d) thickness, respectively. The targets were
irradiated at a laser intensity of = 1.3 x 101°W/cn? and a prepulse duration ofsg = 2.5ns.
The insetin (a) gives the quasi-temperature of the hottesbp component for all foil thicknesses
used. For the three given spectra the dashed lines corresptmese quasi-temperatures. The cir-
cles in (b) give half-opening angles of,510°, and 15 of the proton beam with respect to the
target normal indicated by the white hole in the CR 39 plaiémse angles apply for all profiles.

inside the target by the azimuthal magnetic fields assatiaith the hot-electron current.
This interpretation does not comply with the model assuomptibout the origin of the
fastest protons, according to which this hottest compoappears only at and above the
optimal target thickness and is accelerated at the taggeside. Y. Murakamet al. [46]
report on similar rings observed on CR 39 plates that alsorded the spatial profile of
proton beams accelerated from plastic targets. In thisrp#peformation of such ring-
like beam profiles is explained by toroidal magnetic fieldhatrear surface of the target.
These magnetic fields are generated by hot electrons thathexiarget and are pulled
back by the arising electrostatic fields forming a fountaincture as it will be described
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in Chapter 8.3. These magnetic fields in turn deflect the sigler-accelerated protons
sideways from target normal direction. This gives rise ®rihg-like beam profiles.

These two conflicting interpretations make different pcédns about the origin of the
ring-like beam profile. Therefore, the exact proton distiifn within the “ring” has to
be investigated by spectral measurements over the whodmsgh of the beam using
the Thomson parabola. The results from these investigatidgh be presented in the
next section proving that the ring structure is not real andrather due to an artefact
arising from the non-linear response of CR 39 on high protaxe8. In the measurements
presented here, it could be shown that the proton beam hasgwike structure but a
distribution with the peak of the proton flux exactly on itdsaalong the target normal
direction.

5.4 Angularly Resolved Measurement of the Proton Spectra

This last section concentrates on angularly resolved spetieasurements of the pro-
ton beam, to obtain a characterisation of the protons as letenas possible, including

changes of the energy spectra over the whole spatial emtensthe beam. This provides

a better understanding of the underlying accelerationge®es. On the other hand, it al-
lows a clarification of the origin of the “ring-like featusdn the spatial profiles that were
observed in the experiments and described in the last gectio

5.4.1 Changes in the Experimental Setup

For this purpose, the target was rotated around its verdixal as depicted in Fig. 5.9,
while the position of all other diagnostics and in particulee angle between the main
pulse and the Thomson parabola remained constant. Thigeallan easy variation of the
angle,d, during the experiment without any changes in the targethdea or the setup of

the diagnostics. The anglé, was limited to~ +13° due to back reflection of the laser
pulse as mentioned above.

On the other hand, a rotation of the target changed the latarsity on the front side.
During these measurements using an on-target energy760 mJ, the averaged intensity
on the target depending on the angleis estimated as

_ n-E
1L - Tr?/coq30° — ¢)

IL(d) = 1.34x 10"%W/cn? - cog30° — ¢), (5.2)

wheren - E, is the fraction of the laser energy that is contained withia elliptical)
arearr?/ cog30° — ¢), that corresponds to the first Airy-disc in the focal plarfe ¢hap-

ter 3.1). The case df = 30° corresponds to normal incidence with a circular focal spot
on the target. As the target was rotated between the apgles-9° and$ = +13°, the
intensity varied between 1.04 and®@x 10'°W/cn?, the higher intensity corresponding
to a larger value o. A counteracting process arises due to the fact that the atinso of

the p-polarised laser light and its conversion into hot electraia resonance absorption is
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enhanced for larger incident angles [59]. To some exteistjtbreased absorption might

balance the associated reduction of the laser intensityh&unore, as the preplasma evo-
lution on the target front side is a mixture of both a plane anadial expansion, resulting

in a convex sphere of the critical density where the lasdnt lig absorbed, any effects

associated with a rotation of the target are additionakiuoed.

5.4.2 Measurement of Proton-Energy Spectra and Beam Profile s

Fig. 5.10 shows both the energy spectra (a) and the beamegrfi}-(e) of the protons
obtained for four different angles (—7°,0°,+5°, and+13°). It is obvious that the beam
profiles move as to follow the target rotation. The centethefprofile is always rotated
by the same angle as the target with an accurack15f which was also the accuracy of
the target alignment. This is in full agreement with the fdeit similar proton features
observed in different experiments [15, 28] always appe#rdtk direction of the rear-side
target normal.

The energy spectra of the protons were measured simultslyeiola direction corre-
sponding to the position in the spatial profile that is intkdaby the hole in the CR 39
plate. These holes are either in the center of the beam (a)evthe proton flux appears
to be lower or in the outer regions (b), (d), and (e) with apptly higher fluxes. But
when comparing the beam profiles with the exact energy spé&)rit can be concluded
unambigously that in the center of the beam, i.e4fet 0°, the highest proton numbers
are obtained and the larger the deviation from the centehésmore is the total proton
number reduced. This clearly rules out a ring-like beam |graf$ in [13, 14, 46]. A de-
tailed investigation of the CR 39 plates under an opticalrasicope reveals that coming
from outer regions (i.e. from large anglé3, the proton pits are well separated in the
beginning but then start to overlap corresponding to a regiothe CR 39 which appears
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Figure 5.10: Energy spectra (a) and spatial beam profiles-(B) of protons accelerated from
5-um aluminum foils. The targets were irradiated at laser isitegs, I, between 104 and
1.29x 10*°*W/cn? depending on the rotation angl¢, and with a constant prepulse duration
of Tase = 500 ps. The rotation angle was varied betweéti (b) and+13° (e). The center of the
beam profile moves corresponding to the rotation of the tafiges motion can be traced with an
accuracy oft1°. As the CR 39 was shielded with 1®a aluminum foils, the profiles correspond
to protons withEyj, > 900keV, indicated by the dashed vertical line in (a).

duller or darker when looked at with the bare eye or a digitahera. The proton flux
increases further when approaching the center of the beatheapectral measurements
reveal. But the CR 39 detector shows a different behavicamety a region appearing
brighter or more transparent again. In this region, theqorgiits are close together and
therefore strongly overlap so that the surface appears pielpe again. This gives rise to
the illusion of lower proton numbers when the plates are gy naked eye, although
the real flux is maximal here.

More specifically, a much stronger reduction of the cold gmatomponent is observed
than of the hot one. While for the latter component, the teatpee, the total number,
and the cutoff energy only show a weak dependence on the éntie cold component
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is much more affected. The lower the kinetic energy of theaqm® is, the stronger is
the reduction for larger deviations frofjn= 0°. For the lowest detected proton energy
of 300keV, a reduction by two orders of magnitude is founddfer +13° compared to

¢ = 0°. In other words, the lower the proton energy, the strongey #e collimated along
the target normal direction.

Figure 5.11: Photographic picture of a CR 39 plat
that was wrapped with two different aluminum filter
during the exposure to the proton beam. While the
per part was covered with a 4&n foil, showing a ring-
like structure as on the previous CR 39 plates, cor
sponding to a strong increase in proton flux towards t
center of the beam, the lower part was shielded witr
62-um foil, that blocks protons below;, = 2.5MeV.
In this part, we do not observe any ring, but a hom
geneous disc that has a slightly smaller diameter. TI
beam profile exactly reproduces the spectral meast
ments presented in Fig. 5.10.

The different divergences of slower and faster protons laeseen in Fig. 5.11, where
two parts of the beam profile were recorded with a differefitigred CR 39 plate, giving
the spatial distribution of protons in two different eneigtervals. While the upper part
is dominated by the low-energy protons wig, > 900keV, that have much higher total
numbers, the lower part was only sensitive to protons &jth > 2.5MeV. In the upper
part, a clear “ring’-like dependence, which — as it was shbefore — corresponds to a
strong increase in the proton flux towards the center of thebén the lower part, a very
even proton distribution is obtained, that matches thershtiens of the energy spectra
for high proton energies.

5.4.3 Determination of the Energy-Resolved Divergence oft ~ he Protons

To gain a deeper insight into the spatial distribution of ¢lectric field at the target rear
side, that drives the proton acceleration, the protonggngpectra measured under differ-
ent angles from the target normal directignwere examined in more detail. Each energy
spectrum is subdivided into discrete energy intervals radauset of fixed energy values,
E;. Within each interval, the total number of protoh§E;), is counted, giving an energy
spectrum, 8I(E;)/dE, with a much lower energy resolution, smearing out shatkot
fluctuations. This is done for all proton spectra measureteudifferent anglesp, with

a prepulse duration afasg = 500ps. Then, the total proton numbers within a certain en-
ergy interval aroundE; are compared for the different anglgs,leading to a divergence
of protons with kinetic energies exactly within this energterval arounck;. Fig. 5.12
shows the deduced divergence angles (FWHMYor the different energie€;. A clear
increase of the divergence angte, up to a maximum value of 20s observed, when
the proton energy increases40l.8MeV. Beyond this energy, the divergence decreases
again. This first behaviour exactly reproduces the obsensin the energy spectra, that
were already described above, where the low-temperatump@oent has a significantly
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Figure 5.12: Half-opening anglesy, of protons of a certain energlgp. The black squares give
the experimentally measured values, the red line is to ghieeye.

lower divergence than the hot component. However, for tgadst proton energies, the
divergence decreases again, which is in exact agreemenivaiisurements carried out
at the LULI laser published by M. Rotét al. [28] (for a detailed description of these
measurements see e.g. [82]). In these experiments, thgeiae of protons with kinetic
energies between 2MeV and 12MeV was determined by measimengpening angle of
the spatial beam profiles obtained in a stack of radiochrdiims and filter foils. Each
film layer corresponded to a narrow proton-energy gap. Ro#l. found a continuous
decrease of the divergence angle with increasing protorggnklowever, this measure-
ment was limited by the lower energy cutoff of 2MeV in the esipent. This was the
energy of protons detectable in the first film layer. In theegkpents described here, the
energy range could be extended down to 300keV. In this reamgEn a strong decrease
of the divergence is found. This behaviour can be explainetthd spatial distribution of
the electric field at the target rear side. It will be desatibechapter 8.

5.4.4 Measurement with Different Prepulse Durations

Similar angular scans were carried out with a prepulse muradf tasg = 2.5ns. The

measured spectra are shown in Fig. 5.13. It is obvious franspiectra that for this case
of a longer prepulse duration, the cold proton componergss strongly collimated than
in the case of a short prepulse as it was discussed in theelgt&trs. Furthermore, the hot
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Figure 5.13: Proton energy spectra measured under different emissigiea, for a prepulse
duration oftasg = 2.5ns. The foil thickness was agaiqu®. The collimation of the cold proton
component is weaker than for a shorter prepulse duratiahisashown in Fig. 5.10.

proton component also decreases for larger deviation snjgle

The difference between the two prepulse durations is suimeethin Fig. 5.14, where
the proton numbers per msr (a) as well as the energy of thermmatontained in the
spectrum per msr (b) are given as a function of the emissigleaf, for the two different
prepulse durations. The experimental values are fitted hys§&an distributions with
different divergences (FWHM) of 11.5° and~ 15° for the prepulse durations offns
and 25ns, respectively. For negative anglés,lower proton numbers and integrated
energies are obtained for both prepulse durations comparngdsitive angles. This can
be explained by the slightly higher intensity on the targetf surface for positive angles,
as it was estimated in the beginning of this section. Needgts, the differences in the
proton spectra for the same deviati¢dl, from the target normal in positive and negative
direction arising from intensity variations on the targeint side, appear to be small
compared to the changes in the spectra arising when theiemasgle is changed from
¢ = 0° to larger angles.

Based on the Gaussian fits that are shown in Fig. 5.14, tHegtotan numbers and the
total energy carried by the protons in the beam can be egtihiat integration over the
angle. For the prepulse durationmfsg = 500 ps one obtains

Ngeg500p§ = 5.7 x10%° and
Eged500p3 = 3.1x10%eV=4.9mJ
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Figure 5.14: Proton number per solid angle (a) and energy carried by thps per msr (b) as

a function of the emission anglé, for two prepulse durations of 500ps (black diamonds) and
2.5ns (red diamonds). The dashed lines are Gaussian fits tocplegimental data, yielding in
both plots divergences (FWHM) of 13 and 15 for the prepulse durations of 500 ps ané 2s,
respectively.

while for the longer prepulse afhsg = 2.5ns

Nge2.5n9 = 3.0x 10 and
Ege2.5n9 = 1.5x10%eV=24mJ

is found. The conversion efficiency of laser-pulse enefgy~ 700mJ for these shots)
into protons with kinetic energies exceeding 300keV isafae 07% and 034% for the
prepulse durations of 500 ps andb s, respectively.
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5.5 Summary of the Experimental Observations

The experimental findings concerning the characterisatfdhe laser-accelerated proton
beam can be summarised as follows:

e A strong dependence of the appearance of one or more temgerat the energy
spectra, the total number, and the maximum kinetic energhefprotons on the
aluminum-foil thickness was demonstrated. An optimaleathicknessdypt, was
found at which the proton cutoff energy and the temperattitbeohottest compo-
nent in the spectrum are maximal.

e By a controlled variation of the ASE prepulse duratiopgg, a clear correlation
between the optimal target thickness and the prepulseidnratas found. This
correlation is approximately linear.

e While the proton cutoff energy strongly depends on the {asége energy and the
combination of target thickness and prepulse durationgfitienal target thickness,
dopt, depends on the prepulse duration only.

e The proton spectra and the spatial beam profiles changdisamily arounddyp, a
correlated appearance both of a significantly hotter protmnponent in the energy
spectrum and of a collimated feature in the beam profiles;tixaligned along the
target normal direction was observed.

e The “ring™-like structure in the beam profiles recorded on ¥Rplates is not real
but an artefact of the non-linear response of the detectbigimproton fluxes. This
was proven by angularly resolved measurements of the psgieatra revealing a
strong collimation of the cold proton component and a laigergence of the hotter
component for short prepulses.

e The proton divergence strongly depends on their kineticgyn&Vhile for energies
above 2MeV the divergence decreases with the proton enesfygt is in exact
agreement with measurements from other groups, a strofignatibn of the low
energy protons could be demonstrated for the first time.

e The total number of protons accelerated from gnb-aluminum foil to energies
above 300keV is 5 x 10'% and 30 x 10 for the prepulse durations of 500 ps and
2.5ns, respectively. These protons carry a total energyafd fasg = 500ps) and
2.4mJ {ase = 2.5ns) yielding a conversion efficiency of@@ and 034% from a
laser-pulse energy & ~ 700mJ into protons.



Chapter 6

Influence of the Laser Prepulse:
Simulations with the Code MULTI-FS

In the experiments described in chapter 5, a strong influefite laser prepulse duration,
Tase, On the acceleration of protons was observed. The highasti&iproton energies
were achieved with foils having an optimal thickneds,. This optimal thickness was
found to increase with increasing prepulse duration (¢fsF.5 and 5.7). This behaviour
could be explained qualitatively by assuming that prepindeced changes in the target
properties such as an expansion of the target and a formattiarrear-side ion-density
gradient strongly influence the rear-side acceleratiorggéred by the prepulse imping-
ing on the front side, it appears natural that the changé®aetr side of the target depend
on its thickness. This chapter deals with the quantitatescdption of prepulse-induced
effects on the target properties by means of humerical sitionis.

6.1 Motivation for Hydro Simulations

The effect of the ASE prepulse on the rear-side acceleraftigmotons was observed for
the first time by M. Rottet al. in experiments using gold targets, that were irradiatet wit
slightly higher laser intensities [37]. In these experitsetthe number of protons with
kinetic energies above the detection threshold &MeV were compared for two differ-
ent prepulse durations using targets with a constant teekiof 4&um. For a prepulse of
5ns duration having an intensity level of5 x 10"*W /cm?, a strong proton signal was
observed, while for a 10-ns prepulse, no protons with easrgkceeding 2MeV could
be detected. These two experimental values only allow alrestimate of the influence
of the prepulse. Based on results fronulM1 simulations [114], the authors concluded
that the break-out of a shock wave at the back of the targethdm been launched by
the prepulse on the front side and has travelled througtatigett was responsible for the
diminution of the proton cutoff energy below the detectibreshold of 2MeV.

For the experiments presented in this thesis with slighifferégnt laser conditions,
especially a much lower prepulse intensity level, whichlddee carried out in much
greater detail and with higher accuracy, the shock wavegmaging through the material
alone is not sufficient to explain the results. To gain a deeységht into the processes
involved, detailed simulations using the codeuivi-Fs [50] were carried out. These
simulations give a plausible explanation for the experitaleresults.
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6.2 The 1-D Hydrodynamic Code MULTI-FS

The one-dimensional hydrodynamic codasMi-Fs [50] is an extended version of the
code MULTI [114] developed to describe the radiation hydrodynamicexiperiments
relevant for inertial confinement fusion. Both versionsha# tode describe the hydrody-
namic processes in solid targets triggered by laser itiadiaThe code uses Lagrangian
coordinates [115] including electronic heat conductiod mrultigroup radiation transport.
In Lagrangian coordinates the density, pressure, andieloithe target material are not
determined at éixed position in spacas in Eulerian coordinates, but the changes of these
guantities are described forflaid elementhat moves in space. Initially, the target foil
is subdivided into thin layers, each representing such aflli element. The temporal
evolution of each layer is described by the basic equatibiydrodynamics [115] that
express the conservation of mass, momentum, and totalyeimezgch layer. The internal
energy of each fluid element can be changed by changing isnelby electronic heat
conduction, and by the absorption and emission of radiatitme hydrodynamic equa-
tions have to be completed by equations of state (EOS) fointieenal energy and the
pressure as functions of the local density and temperaiuris. is implemented into the
code by tabulated values obtained from the Los AlamesAME EOS [116]. The code
treats radiative effects by using tabulated values for ttegjency-dependent) radiative
absorption and emission coefficients that are also furetairdensity and temperature.
These tabulated values (also called opacity tables) amnatt from the Rop atomic
physics code, as it is described in [117].

While in MuLTl, the laser-light absorption is described by Beer’s law tmdy holds
true for shallow plasma gradients (density-scale leriggh> A ), MULTI-Fs explic-
itly solves Maxwell's equations to correctly describe tight absorption also in steep-
gradient plasmas. Furthermore uMri-Fsincludes a more realistic model for the electri-
cal and thermal conductivity in the target covering a widggeaof densities and tempera-
tures. As the intensity of the ASE prepulse as well as thalrtémperature of the target
material were very low in the experiments described in thésis, a correct description
of the cold solid state in the simulation is of great impocenThe energy exchange be-
tween electrons and ions as well as the thermal conductivitiye material depend on the
electron-collision frequencye. In a plasma at high temperatures, the electron collisions
are Coulomb-like, andle is described by Spitzer's law. Hene, is proportional tols /2,
but for low electron temperatures, the collision frequenmuld diverge in this model.
However, in a solid below the Fermi temperatufg, which is 117 eV for aluminum, the
electrons are in a degenerate state, and the collisiondreguno longer depends on the
electron temperature, but it is governed by the scatterirdeatrons by lattice vibrations
(phonons). In this case) is proportional to the temperature of the iofg, Here,ve
converges for low temperatures. InUuri-rFs, a formula interpolated between these two
regimes is utilized to correctly describe the thermal catigity in aluminum in all states
ranging from the solid state at room temperature up to thenpdastate. Furthermore,
MULTI-FS uses separateESAME EOS for electrons and ions, what becomes the more
important, the lower the initial temperatures are. Thisvadl realistic simulations with
intensities and initial temperatures as low as in the erpanis reported here.
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6.3 Details of the Simulations

The simulation starts with an aluminum target that is iflitiat room temperaturekg Te =
ksTi = 0.03eV). The laser pulse implemented into the code followsteasured ASE-
prepulse evolution that is again shown in Fig. 6.1. For tlifeint prepulse durations,

100 T T T T T T T T

diode signal [a.u.]
(3]
o
I
|

time [ns]

Figure 6.1: Linear fits (dashed lines) to the measured (solid lines) teaigvolution of the ASE
intensity for different prepulse durations. The threedblies correspond tonse = 2.5ns (blue),
1.0ns (red), and B ns (black), respectively. At= 0 the main pulse starts, what is no longer
included in the MULTI-FS simulations. Duringise, the prepulse-intensity increases linearly to its
maximum value of & 10**W /cn?.

Tase, Used in the experiment, the ASE prepulse is modeled in ttewiog way. Its inten-
sity rises linearly from 0 to & 10*W/cm? within a certain rise timetyise, that slightly
changes for the different prepulse durations. The peak AB#hsity corresponds to a
relative ASE level of 4« 108 for a main pulse intensity df = 2 x 10*°W /cn?, which
was the peak intensity on the target in our experiments asspiime same focusability of
prepulse and main pulse. After the time equivalent to thpudse duration, the simulation
gives the target properties at the moment of the main putser

Fig. 6.2 shows the schematic initial cell layout used in tineutations. The laser im-
pinges onto the target from the left. The cell widths in thenfr (A) and rear-side part
(C) of the target decrease towards the surfaces to descridaghetarget interaction at
the front and the rear-side plasma evolution at the backeofatget with higher accuracy.
The central part) has a constant cell width, the cell number is varied to oldéferent
total target thicknesses.
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Figure 6.2: Initial configuration of the La-
grangian cells in the target used in theJ\i -
Fssimulations.
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6.4 Simulation Results from MULTI-FS

Fig. 6.3 shows results from WLTI-Fs calculations for the temporal evolution of the target
foil under the influence of the ASE prepulse. The lines gieephsition of the interfaces
of the Lagrangian cells as a function of time. The prepulsming from the bottom
impinging on the target front side at= 0 deposits its energy in the first layers. Here, the
target material is heated up to temperatures-d00eV, generating a low-density blow-
off plasma expanding into the vacuum, as it is indicated englot by the lines bending
down to negativex—values.

As a consequence of the front-side plasma expansion inteaitieum and the associ-
ated repulsion, a shock wave is launched into the target,igs$ndicated by the dashed
blue line. The front of this shock wave travels exactly wiie sound speed in cold alu-
minum, ¢s = 6.4um/ns [113]. However, when this shock front arrives at the targar
side, the caused changes remain small here, as the shdtksitsely weak. The sim-
ulations reveal that the target material is only heated-lf00’K, when the shock front
passes. The pressure difference in front of and behind tbeksinont is of the order
of 0.1Mbar only. Furthermore, the simulations show that the kiveave arrival does
not trigger the formation of an ion density gradient at thar rside, as the whole foil is
accelerated in laser direction after the shock break-oatalthe repulsion from the blow-
off plasma. However, when the entire foil starts to move getadirection, the effective
thickness, which is the thickness of the overdense plasyes, lmcreases. While threl-
ative increase of the effective thickness is small for thicketsfait is not negligible for
the thinnest foils. Here, the arrival of the shock wave atrtee side appears to have a
significant effect.

Additionally, the bulk of the target is radiatively heateg X-rays generated in the
focus of the ASE prepulse on the target front side. As meaticabove, the emission of
this radiation on the front side is determined by the localgerature and pressure of the
material. The radiation penetrates the entire target madtamart of it is locally absorbed,
again depending on the local target density and temperhturalso on the frequency of
the radiation. A comparison between the radiation intesssibn the target front and rear
side is shown in Fig. 6.4. While in (a), the evolution of therft- and rear-side intensities
integrated over the intire frequency spectrum are showryi(ies the spectral intensities
at the front- and rear-side = 1 ns for different initial target thicknesses. Obviouslg th
effect of radiative heating is strongly diminished for #ec foils, where the total radiation
intensity is lower by more than one order of magnitude comgdo the thinnest foil, as
shown in (a). Figure 6.4 (b) shows that only the radiatiomfrine K—shell emission
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(Ephoton~ 1.5keV) in the high-temperature layers on the target frone idats the bulk
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Figure 6.3: Motion of the Lagrangian cell interfaces in the target failder the irradiance of
the ASE prepulse for foils of m (a), 3pm (b), 54m (c), and 8-um thickness (d). The ASE
prepulse is incident on the target front sidexat O from below. The position of the shock-wave
front propagating through the target is indicated by thehdd<lue lines. The dotted red lines
indicate the prepulse durations for which each target tiésk is the optimal value as measured in
the experiment. These durations approximately correl#tetive onset of the rapid expansion of
the target rear side.

of the target, as it is optically thin for these photon enesgiPhotons with energies below
700eV (mainly fromL—shell emission) have a significantly shorter mean free path a
cannot reach the rear surface, for these photons the targptically thick.
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Figure 6.4: X-ray radiation intensities calculated withTI-Fs simulations. The dotted lines
give the intensity at the front side, the solid lines indéc#tie intensities at the rear surface of
targets with different thicknesses.

Due to the local absorption of radiation the temperatureniseiased. At the tar-
get rear surface, this results in the formation of an ionsigrgradient that can be de-
scribed by a self-similar solution at the target rear swfas discussed in chapter 2.
The expanison of the aluminum ions with mamg, = 27u is driven by the electrons
with the temperaturd.. The ion density follows eq. (2.61), its scale length is gy
Lp =cst =t/ (ZkeTe+ K Ti)/Mion ~ t1/(Z + 1)ks Te/mi, WhereT; ~ Te. For a 3pm foil,
MuLTI-Fs predicts a rear-side temperature that is assumed — for firegpde considera-
tions — to be constant at a value ob@V over the time of- 1.3ns between the increase
of the rear-side temperature above the boiling point.2i@V and the arrival of the main
pulse at the front side, when the proton acceleration sef&his results in a density-scale
length of L, =~ 2.5um. As it will be shown in chapter 7, the formation of a rearesid
plasma causes a significant reduction of the rear-sideexetien fields.

The heating of the rear side is strongly reduced for thickegdts, as the radiation is
already absorbed inside the target resulting in a lowensitg at the back, as shown in
Fig. 6.4. Consequently, the expansion and the associatetfion of a density gradient
are much slower compared to thinner foils. Therefore, tigpupise-induced changes of
the rear-side properties are significantly weaker and sat @nlater time for thick foils.
This agrees well with the experimental observations, wlieeeASE prepulse can be
longer before the proton acceleration is affected. In Fig.the experimentally found
prepulse duration, for which each target has the optimekit@ss, is indicated by vertical
dotted red lines. For the first three thicknesses shown Hhigieagrees with the onset
of the expansion of the target, while for thé&um foil, the rear-side expansion already
starts earlier. One possible explanation for this fact @¢dé the planar geometry the
code is based on. When the focal spot of the prepulse is ldrgaror comparable to the
target thickness, as it is the case for the first three thede® the planar description is
valid. For thicker targets, however, the effect due to ridicheating is overestimated in
planar geometry. A 2-dimensional description would lead tower radiation intensity
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and thus a lower expansion velocity. This would lead to a laset of the rear-side target
expansion as it is expected from the experimental findings.

Finally, the electron density distributions for differanttial target thicknesses after a
2.5-ns irradiation by the ASE prepulse is determined. Thishiown in Fig. 6.5. All the
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Figure 6.5: Electron-density distributions in targets of differenitied thicknesses after the irra-
diation with an ASE prepulse of.2-ns duration and of & 10'*W/cn? peak intensity from the
left. The targets had initial thicknesses dbfim (black line), 3um (green line), and 14um (blue
line). The red line indicates the (relativistic) criticagmsity. The two shaded regions depict the
initial and the effective thickness for the5tum foil.

targets no longer have their initial thickness, but theyehexpanded on both sides. The
front side expansion due to the laser irradiation extend#ta the front-half space for
all three targets. When the high-intensity main pulse tgdnwvave length of 790nm
and an intensity that corresponds to an averaged Lorentarfa€ (y) ~ 2.8 is inter-
acting with the front-side plasma, it propagates up to thativéstic critical density of
ne = 5.0 x 10*1cm~23, where the major part of its energy is converted into fasttedes.
This density defines the effective thickness of the foil. i tear side, a plasma gradient
has been formed due to radiative heating for the foils.6fym and 3pm thickness, the
foil of 14.1pm thickness still shows a sharp density dropor all three foils, the effective
target thickness has increased. The initially-im thick target has an effective thickness
of ~15um and a rear-side ion-density gradient with a scale lengtk20um. For the
3-um target, the effective thickness4sl8um and the rear-side scale length~i4.5um.
This approximately matches the simple estimation for tladesength ol, ~ 2.5pm that
was given above. For the initially 14um thick foil, the relative increase of the effective

1As MuLTI-Fspredicts a constant ionisation degree at the target refacsyithe ion and electron densities
have the same spatial distributions and density gradients.
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thickness to~22pm is much smaller and the rear-side gradient is much steejleraw
scale length smaller thanZum.

At the target front side, the electron density gradient depeonly very weakly on
the target thickness. For all different thicknesses usdtiérexperiment, the front-side
electron-density gradient varies betweeB|8n for the thickest foils and.8&um for the
1.5-um foil for the prepulse duration afasg = 2.5ns (these cases are shown in Fig. 6.5).
For the shortest prepulse duratiom@ée = 0.5ns, MULTI-FS predicts a constant value of
0.5um for all target thicknesses. Furthermore, the positiorhefdritical density is only
shifted within~ 15um, what is below the Rayleigh length of the focusing optichisT
strongly suggests that the process of electron accelpratithe target front side remains
unaffectedfor a constant prepulse duratiorwhen the target thickness is changed. It
might change for different prepulse duration also leadm@ ifferent injection angle
of the electron beam into the target, as it was discusseddpteh2.2. This effect was
recently observed in an ongoing experiment using the sasee &ystem at MPQ [118].

6.5 Summary of the MULTI-FS Simulations

e The ASE prepulse impinging on the target heats up the frafdsel and increases
the effective target thickness. A shock wave is launcheultim target.

e Additionally, the target material is radiatively heatededio X-rays generated in
the focus of the prepulse. Due to the heating of the targetsida an ion-density
gradient is formed. The rear-side heating is strongly reddor thicker targets due
to absorption of the radiation in the target. Furthermdre relative increase of the
target thickness due to the prepulse is much less pronodacéucker foils.

e Assuming a cold and unexpanded target and a shock wave @timagvith the
sound speed of the cold material as in [37] is not sufficierexlain our experi-
mental observations, as in our experiments the shock waee iweak. Here, the
radiative heating has to be taken into account.

e The front-side electron-density gradient remains almosistant for a fixed pre-
pulse duration and all target thicknesses used in the expats implying that the
electron acceleration remains unaffected for a scan ofatfget thicknesses with a
fixed value oftasg.



Chapter 7

A One-Dimensional Simulation Code for the
Rear-Side Acceleration of Protons

In this chapter, a one-dimensional simulation code will hieoduced that was newly
developed to describe the process of proton acceleratitmteaarget rear side. After a
detailed description of the simulation code itself the diai of the analytical formulas
derived in chapter 2 is shown and the effect of an initial gnedensity gradient at the
target rear side is investigated.

7.1 Description of the Simulation Code

The process of proton acceleration at the rear side of tigettés described by means
of a 1-dimensional simulation code, that is based on a 1-Demlboyg Crowet al. [84].
Published in 1975, it was developed to describe the ion at@n in laser-plasma inter-
actions using ns-pulses, which were the shortest pulsdalaleaat that time.

The physical picture of the rear-side acceleration is theesaas it was already de-
scribed in chapter 2. The gradient of the rear-side potemtlgch initiates the proton ac-
celeration, depends on the initial densityy, and the temperatur@g, of the hot-electron
component, as it was shown in chapter 2. But furthermorepgedds on the initial density
distribution of the protons at the rear side before the &tatbn starts. The analytical
solution derived in chapter 2 is valid for an initially stéke distribution only. The case
of a preformed plasma at the target rear surface having amexyial drop in the proton
density cannot be treated analytically. Such a case camespto a plasma formation
due to the prepulse-launched heat wave arriving at the biattledarget. This case will
therefore be investigated using this simulation code. rAfte acceleration of the protons
has started, the proton distribution expands away fromatget-rear surface, addition-
ally affecting the gradient of the rear-side potential. #kse effects are included in the
simulation, giving a detailed insight into the accelenafaocess.
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7.1.1 Set of Equations Solved by the Code

The proton acceleration is described by the following setgpfations including the Pois-
son equation, the equation of motion, and the equation dfradity for the protons:

2
O(N:;%,t) e[ne(x,t)—np(x,t) , (7.2)
E(xt) = —a%dna(x,t), (7.2)
4 G
B0 ) - Sy a0
onp (X, d
npg t)+& ”p(xvt)-vp(xvt)] = 0 (7.4)

Here,®¢(x,t) is the potential ane(x,t) the electric field arising from the charge separa-
tion, that is described by the electron and proton densitigs,t) andny(x,t). During the
acceleration process the proton-velocity distributigyix,t), changes. This set of equa-
tions is integrated numerically at discrete timgs,leading to new proton-density and
-velocity distributions for the next time stef, 1.

7.1.2 Initial Conditions

The acceleration of the protons, that is driven by the ebstdtic field set up by the hot
electrons leaking out of the back of the target, is descrihyetthe evolution of the density
and velocity distributionsny(x,t) andvp(x,t), of the protons. These quantities are numer-
ically calculated at discrete time stepg,that are separated by a constant time interval,
At. The electron distributionne(x,t), with an initial value,neo, and a Boltzmann-like
temperatureTe, is assumed to be in thermal equilibrium with the electitistaotential,
®e(x,1), for all times t > 0 during the whole acceleration process:

Ne(X,t) = Ngo- €XP [%] (7.5)

The initial proton distribution can either be step-like bcan drop exponentially with
a characteristic density-scale length, The former situation is the same as it was in-
troduced in chapter 2, the latter takes into account thetedfiea rear-side expansion due
to the prepulse-induced shock wave. Beyaprgy(0), which is the initial position of the
proton front before the acceleration starts, the densitpsito O:

Neo for x<0
Np(X,0) = ¢ nNeo-exp{—x/Lp} for 0 < X < Xmax(0) (7.6)
0 for  Xmax(0) <x.

As from the prepulse-induced plasma formation at the radw, ghat acts over several
100's of ps or even ns, the effective energy gain of the psotsrsmall compared to the
subsequent acceleration by the MeV-electrons, the pranahg initial density profile are
assumed to be at rest before the acceleration starts,[®€0) = 0.
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7.1.3 Calculation of the Electrostatic Potential

At each time steftx > 0, the electrostatic potentiadpei(X,tx), and the electron-density
distribution, ne(x,tx), that is described by eq. (7.5), are obtained by numericallying
the Poisson equation including the momentary proton-tiedsstribution, ny(x,tx). This
numerical integration, that is carried out over the distarcis devided into two parts.

First the Poisson equation

02Dy (X, ) ePe|(X, tk)
SOT = e neo-exp[TTe]—np(x,tk) (7.7)

is integrated in the region where both electrons and praaoapresent starting from the
momentary position of the proton fromtyax = Xmax(tk), t0 X — —co. As eq. (7.7) is
a second-order differential equation, that does not depenthe first derivative of the
potential, 0P¢ (X, tk) /0%, Stoermer’s rule can be used for integration [119]. For ifHs
tegration, the boundary conditions are not given at thetiposof the proton frontxmax,
what would be necessary for the initialisation of the nurintegration. However, the
potential and the electric field have to vanish kor+ —oo to provide charge neutrality
in the undisturbed plasma. A so-callsdooting methods used to overcome this prob-
lem [87,119]. The initial value of the potentiabe|(Xmax), that also determines the slope
of the potential D¢/’ (Xmax), as it will be shown in a moment, is guessed and the numerical
integration is carried out. Depending on the behavioubgfx) for x — —oco with the
guessed value, the starting value of the potential is vatietll the left boundary condi-
tions, i.e.®g(X) — 0 and®g'(x) — O for x — —oo, are fulfilled. In the simulation, this is
achieved with an accuracy of better tharm 1.0

In the second step, the Poisson equation is solvexi¥oxnax(tk), where a pure electron
cloud is present. Here the Poisson equation reads

62¢e|(x,t)

£
0 ox2

enso- eXp [L);;(Ttt)]. (7.8)

As the potential has to be continously differentiable afttaton front, the initial values
for the numerical integration in this second step hae to besime as determined in the
first step.

The two parts of the numerical solution together give theptial, ®¢(X,ty), associated
to the electron and proton distributions at tirgeat all positionsx. The electric field that
drives the proton acceleration and changes the protortgelstribution during the next
time step is finally obtained by

E(X ) = —O%‘Del(X,tk)- (7.9)

Figure 7.1 shows the calculated electron densities (rex) lmd electric fields (dashed
blue line in the lower plots) far = 0 for a proton distribution (black line), that is initially
step-like (a) and for one having an exponential drop in thesitg at the back of the
target (b). In the simulation, a fully ionised hydrogen piasis assumed having the same
density as the hot electrons for— —o, thus assuring charge neutrality.
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Figure 7.1: Initial proton- and electron-density distributions anduking electric fields at the
target rear surface with no proton-density gradient (a) aménsity gradient with., = 0.8um
(b). The undisturbed density of the electron beam in theetaigyeo = 3.4 x 10?%cm2 with a
temperature oflc = 100keV. The resulting electric field that is peaked at theqrdront is
significantly reduced in the case with a rear-side protamsifg gradient (b), leading to lower final
energies of the accelerated protons.

The numerical procedure that gives an accurate descripfitine acceleration of the
protons follows in the next section.

7.1.4 Acceleration of the Proton Distribution
Calculation of the New Proton Velocity Distribution

To describe the acceleration of the protons that have a mtamyedensity and velocity
distribution, ny (X, t) andvy(Xtx), during the next iterative time stef)t, the distributions
are divided into cells of constant thickneAs, starting at the proton fronkmax(tx). Each
boundary between two cells at a positiof, has a definite proton density and velocity.
During At, each boundary is moving due to the velocity(x;,t), and due to the accel-
eration by the electric fieldE(x;,t), at this boundary position. This is described by the
equation of motion of the protons and it is implemented it ¢ode in the following
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way:
€ 2
Xj — XIJ = X +Vp(Xj,tk) <At ﬁf(xj’tk) <At (7.10)
e
Vp(Xj,t)  — Vp(X,j,tk+l):Vp(xj,tk)+ﬁ£(xjatk)'At (7.11)

The electric field is assumed to be constant over the distdregrotons move dur-
ing the time interval, i.e., a constant force on the protons igiven cell is assumed.
The new proton velocitieszp(x’j,tk+1), that were calculated at the new boundary posi-
tions, x’j, at timety, 1 are used to obtain the new entire proton-velocity distiilbuby
linear interpolation. Note that due to the shift of each lamg the total derivative,
dvp(X,t)/dt = 0vp(X,t) /0t + V- Ovp(X,t) /0X in eq. (7.3) is taken into account.

Calculation of the New Proton Density Distribution

Due to the different proton velocities at the different d@undaries, the width of each
cell changes. Assuming a constant total number of protoaach cell, the proton density
changes accordingly durirty.

This is solved numerically in the following way, which is alsketched in Figure 7.2.
If Ax; andAx; are the thicknesses of a certain cell with the right boundasy andx],
respectively, before and after one time interval, then the density in the shifted cell is

AXJ'

Np(Xj, tker1) = Np(Xj, k) AX. (7.12)
with the new cell thickness
B4 = K%
= Xj—Xj41+ [Vp(Xj,tk) — Vp(Xj+1,t)] - At
+% [Z(xjt) — E(Xj+1, )] - A2
= DX AV D+ %Azj e (7.13)

The new densities are, similar to the new velocities, defatatie shifted positiorx’j, of
the right boundary. The entire proton-density distribatio,(X,t 1), iS again obtained
by linear interpolation.

7.1.5 Derivation of the Proton-Energy Spectrum

As the numerical simulation calculates the proton-dendigyribution, ny(x,t), and the
proton-velocity distributiony,(x,t), the proton-energy spectrumngddE,, can also be
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Figure 7.2: Schematic evo-
X lution of the proton distribu-
tion during one time stet,
of the simulation. The pro-
ton distribution at =ty is de-
vided into cells, that initially
have the same thicknegsg.

ox,
—

/ Then the cell boundaries are
shifted due to the electric
field and the initial velocity
of the protons, that were sit-

Ax electrical
i > field uated at the position of the

boundaries. This leads to a
new cell configuration at time
tr1 =tk + At. The new pro-

xO
t =t 4AL | ton densities within a shifted
a2l cell are calculated assuming
\ particle number conservation
within each cell. The en-
\ tire density distribution is ob-
\ tained by an interpolation be-

n(x't ) tween the values at the cell
boundaries.

deduced during the acceleration process. Using the expndSs—= mpvg/z for the proton
kinetic energy, one finds

d, _ dp dx dv
dE,  dx dv, dEp

dnp dvp

™ (mpvp- &) . (7.14)

7.2 General Results from the Simulation Code

In this section, first the results for the rear-side protocetaration, that were obtained
using the simulation code described in the last section aviitep-like proton distribution,
are compared to the analytical formulas derived in chaptéfter that the code is used
to study the effect of a rear-side density gradient on theimax proton energies. This
case cannot be treated analytically.
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7.2.1 Comparison with the Analytical Model
Electric Field at the Proton Front

The electric field at the position of the proton frofi (t), is described by eq. (2.65)

2
i (t) = (é) : \/% (7.15)

x" '

-
N

N
x

-
o

1x10" o numerical results §
analytical formula

electric field [V/m]
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Figure 7.3: Evolution of the peak electric field at the proton front dgrite acceleration pro-
cess driven by a hot-electron population witgh = 6.5 x 10?%cm 3 andkgTe = 840keV. The
diamonds give the numerical results and the solid red limesgihe analytical solution described
by eq. (7.15). A perfect agreement is found, the relativersrare below 107.

Here,T = wppt/+/2€c again denotes the dimensionless interaction tigaes 2.71828 ..

is the basis of the natural logarithm. The proton plasmauieaqy,wpp = +/Neg€?/€0My,
depends on the initial electron densitgy. To compare the analytical solution with the
numerical results, an initial electron densityrgh = 6.5 x 10?°cm—3 and a hot-electron
temperature oksTe = 840keV are used, which correspond to the situation of.&nuih
aluminum target irradiated by a laser intensity 08 & 10'°W /cm?, what will be de-
scribed in detail in chapter 8. The time intervals in the nricad simulation were chosen
to beAt = 2.5fs. Fig. 7.3 shows the evolution of the peak electric fielthatproton front
as a function of timet, obtained with the two different methods.

A perfect agreement between the two methods is found. Théwelerrors are below
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102, They weakly depend on the time intervats, in the simulation, for longeft the
errors increase slightly.

Proton-Energy Spectrum

In Fig. 7.4, the relative proton-energy spectra are contptrat were obtained assuming
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S . )
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= < simulation results
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proton energy [MeV]

Figure 7.4: Energy spectrum of protons accelerated from the targesidarafter the interaction
with a laser pulse of. = 150fs calculated with the analytical formula eq. (2.69)¢H line)
and derived from the numerical simulation using eq. (7.1d)l (diamonds). The hot-electron
population was again assumed witky = 6.5 x 10°%cm~3 andkgTe = 840keV. Again, a very
good agreement between the simulation and the analytiedigiion is found.

the same hot-electron population driving the acceleradimabove. The black line gives
the spectrum described by eq. (2.69) using the self-similagdel and assuming that the
spectrum only extends up to the peak proton energy, comegppto a proton distribution
only extending to the proton front, as it was discussed irpt#ra2 and in [86]. The
red diamonds give the energy spectrum obtained from the ricahesimulation using
eg. (7.14). Although the spectra described by the two metllifter for low energies, a
good agreement is found between the two approaches foriepafgove 1 MeV, as it was
also found by Mora [86].

This confirms that for an initially step-like proton diswiiion the two methods are
equivalent to describe the acceleration process. Howineesimulation provides the evo-
lution of the total proton distribution, while the analyalcsolution only predicts velocity
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and position of the proton front. Therefore, the evolutiéthe whole proton population
is studied in the next section using the simulation code.

7.2.2 Acceleration of the Proton Distribution

In this section, numercial resultfor the proton acceleration including the evolution of

150

Np(X,t) [10%%cm3] 100

time, t [fs]
50

propagation distance,[pum]

Figure 7.5: Evolution of the proton density distributiony(x,t), at the target rear side during the
acceleration process. The laser is coming from the leftjngipg on the target front side. The
proton front is accelerated away from its initial positidntee target rear side at= 0. During the
acceleration, the density at the front decreases.

the total density and velocity distributions of the prot@me presented. As an example,
the proton expansion driven by the electric fields set up bglectron distribution leak-
ing out of the back of the target with a temperature of 840kadl an initial density of
6.5 x 10?%cm23, again corresponding to the case of a@+@m thick aluminum foil having

a thin proton layer on its back surface is investigated. Modugion of the proton density
is shown in Fig. 7.5, the evolution ot the proton-velocitgtdbution is shown in Fig. 7.6.
Both densities and velocities are plotted over a time irtleof 150fs. This is also the
laser-pulse duration in the experiments.

Note that the proton density shows a monotonic decreasetfreinigh-density regions
in the target towards the proton front for all times, in agneat with P. Mora [86]. The
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peak in the proton-density distribution in the vicinity dfet proton front, as it was ob-
served in simulations carried out by Crat al. [84] and other authors (see references
in [86]), is not present in our simulations.

100

time, t [fs]

propagation distance,[um]

Figure 7.6: Evolution of the proton velocity distribution(x,t), during the acceleration pro-

cess. The protons situated at the front are acceleratedgssb and gain peak velocities of
2.74x 10'm/s, i.e. 0092x ¢, wherec is the velocity of light. This peak velocity corresponds
to a kinetic proton energy of.33MeV.

7.2.3 Influence of an Initial Rear-Side Density Gradient

In this section, results from simulations carried out idghg an initial proton-density
gradient at the target rear surface are described. As gldguicted in Fig. 7.1, such a
density gradient reduces the electric fields at the protontfrThis can be explained as
follows. Although thetotal potential difference determined by the total charge separa
tion is the same, the potential drops over a larger distandfeacharge distribution is
distributed over a larger area. Therefore libeal gradient of the potential (which is the
local electric field) is smaller compared to the case of atially step-like proton dis-
tribution. As the life-time of the fields driving the protowceleration is limited by the
laser-pulse duration, the protons gain significantly lofieal energies, when the electric
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field is lower.

Fig. 7.7 shows the influence of a density gradient havinguffit initial scale-lengths,
Lp, and different extensiongmay, on the maximum proton energy. As beforg.ax de-
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Figure 7.7: Effect of an initial proton-density scale length,, at the rear surface of the target on
the maximum proton energy studied with our simulation cddes preformed plasma was formed
after the arrival of a heat wave lauched by the ASE-preputsthe target front side. The proton
cutoff energies are plotted as a function of the initial sdahgth for three different extensions
depending on the density scale length, i.e. s« = 1.0 x Lp (black dots), forxmax = 1.5 x Lp
(green dots), and foxmax = 2.0 x Lp (red dots). The electron population had a temperature of
840keV and an initial density of.0x 10?%cm 3.

notes the initial position of the proton front before the macceleration starts. Here, a
hot-electron population with the same temperatlige; 840keV, as before but a slightly
higher initial density of @ x 10?%cm~2 is used, corresponding to the case of gn3-
aluminum foil. The peak proton energy for the step-like cas¢74MeV. This cutoff
energy for the undisturbed case decreases in a monotonid@thyfor increasing ini-
tial scale lengthl, and for increasing initial extensiormay, of the preformed rear-side
plasma.

7.3 Conclusion

In conclusion, a very good agreement between the analydiesdription of the proton
acceleration, as it was derived by P. Mora (cf. chapter 2ah# the results obtained from
the simulation code are found. However, to include effe€ts @ar-side plasma formed
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by the laser prepulse, numerical simulations are inegtabhe effect of this ion-density
gradient on the maximum proton energy accelerated fromattyet rear side appears to
be too large to be negligible.

In the next chapter, the experimental results of the protmngies are compared to the
predictions obtained with the simulation code, that wasesd in this chapter. Further-
more, the prepulse-induced changes in the target propegtgethey were simulated by
MuLTi-Fs (cf. chapter 6), will be included.



Chapter 8

Discussion of the Experimental Results

This chapter discusses the experimental results presantdtapter 5 and gives quanti-
tative explanations of the results by the comparison wittedint numerical simulations
that were introduced in chpater 6 and chapter 7. In the firstdgctions, the results ob-
tained from the thickness scan are compared to two diffesegmarios for the transport of
the electron beam through the target, one assuming a fiemashg propagation and the
other including electron-transport effects arising frdra tollective behaviour of the elec-
trons, as it was discussed in chapter 2.3. In the last sed¢hierresults obtained from the
angularly-resolved measurements are compared to 3-diometh$IC simulations [45].

8.1 Results from the Target-Thickness Scan Explained by a
“Free-Streaming” Electron-Propagation Model

In this section, a simple quantitative explanation for thpegimental results concerning
the proton acceleration obtained during the scans of thlyettahickness is found. For
this purpose, both the 1-D simulation code introduced irptdrar to describe the proton
acceleration at the target rear side and the analyticatthewoduced in chapter 2 for the
front-side acceleration are used. The necessary paranfeteahe numerical simulation
are the rear-side electron densityy, the hot-electron temperaturg, and the interaction
time, t. In a first step, dree-streamingelectron beam in the target is assumed to derive
these initial parameters.

8.1.1 Approximations for the Assumption of a Free-Streamin g Electron
Beam

The approximations made in this scenario are as follows. €léetrons are accelerated
within the laser-focal spot on the front side and propagatenally through the target
forming a cone-shaped electron beam.

e The cone formed by the electron beam has a constant divergelnaracterised by
an initial half opening angled;,.

95
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e When the electrons exit the target at the rear side, théyatik the same averaged
kinetic energy as on the target front side, given by theisgtemperaturekg Te.

e The total number of hot electrons in the beam remains conhdtaing its passage
through the target.

e The electron pulse length is assumed to be equal to the laker guration.

The simulations were carried out using the experimentadmpaters. The ALAS laser,
that was described in detail in chapter 3.1, delivers putdels0-fs duration (FWHM)
and of 790-nm wavelength. The total energy on the target atadoE, = 600...850mJ,
resulting in an averaged laser intenstiy, between 1.0 and.& x 101°W/cn? within a
focal spot ofr; = 2.6um radius, as it was discussed in chapter 3.2.

Determination of the Initial Simulation Parameters

The hot-electron temperatur®, is calculated from the averaged laser intensity using the
ponderomotive scaling law by Wilket al, eq. (2.44)

ILAL? a1
1.37x 10"8W/cn? - pm?

ks Te = 0.511 MeV- \/1+ (8.1)

The electron density at the target rear surfagg, is derived from the total number
of electrons Ne, the focal-spot size on the front side, the target thicknéigges and the
initial half-opening anglefi,. Again, it is assumed that a fraction gf= 25% of the
laser energyE, , is converted into hot electrons [9] with a mean energy deitezd by the
hot-electron temperature given by eq. (8.1). This givesal &ectron number of

~ NEL
keTe
These electrons are emitted in a cone-shaped beam thatdrses the target and has a
total length ofct, , determined by the laser pulse duration, if the velocityhef ¢lectrons,
Ve =~ C, and dispersion effects due to different electron velesitire neglected. This also
determines the electron pulse duration and the rear-sicideaation time td = 1. .

Ne

(8.2)

The radius of the electron spot at the rear side of the tasgebe deduced from simple
geometrical considerations assuming a constant diveegafitbe beam. This is sketched
in Fig. 8.1. Starting with a minimal cross section of the beginthe target front side,
which is determined by the focal-spot size of the laser, thessection increases while
the electrons propagate through the target. Dependingeoimjiction angleqi,, of the
electron beam into the target that depends on the electamiesation mechanism on the
target front side, the effective thickness of the targeatulgh which the electron beam has
to propagate is given by ger= rarget/ COSlin). The radius of the rear-side electron spot
is then approximately given bfrs + d; tan6i,). This determines the electron density at
the rear surface to
~ Ne
et x (Tt + Opyged@n6in)?”

Neo (8.3)
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Figure 8.1:  Schematic propagation of the
hot-electron beam through the target. The
laser is focused to a spot with the minimal ra-
dius of r;. Electrons are accelerated within
this spot and enter the target in a cone with a
constant half-opening angi,. After prop-
agating through the target with the thickness
diarger the spotsize of the electrons exiting at
the target rear surface is increased. This leads
to a lower electron densityleo, at the target
rear surface.

d*

target

This is a direct correlation between the target thicknélgge; and the initial rear-side
electron densityneo. The two free parameters are the injection anglg, and the half-
opening angled;,, of the cone in which the electrons enter the target. Thegkesutan
be determined by a comparison with the experimental data.

8.1.2 Comparison of Simulation Results with Experimental D ata

In a first step, any prepulse-induced plasma formation oriaiget rear side due to the
prepulse is neglected. This corresponds to targets thibked, (cf. chapter 6).

Fig. 8.2 compares the experimental results that were adldior a laser intensity of
1.3 x 10'°W/cn? and a prepulse duration ofsg = 2.5ns, (cf. Fig. 5.6) with numerical
results from the simulation assuming electron injectioouad the target-normal direc-
tion, i.e. aj; = 0° and initial half-opening angle®),, between 7 and 1%, what is in-
dicated by the blue-hatched area. Within the experimemtal,ean excellent agreement
between the numerical simulations and the experimental iddbund for targets at and
above the optimal thickness, which iS8m for the prepulse duration ahsg = 2.5ns
To estimate the influence of the electron-incection armlg,an injection in laser forward
direction is assumed, which correspondsatg = 30°. For this case, the experimental
results are reproduced for somewhat smaller half-opemgiea between6and 10. In
the real experiment, the electron injection will occur abagle between these two cases
of aj, = 0° andaj, = 3(°, as it was discussed in chapter 2.2. The predicted proton ene
gies appear to depend only weakly on this parameter. In fl@ing, normal injection
is assumed, i.exj, = 0°.

Fig. 8.3 (a) — (d) show comparisons of the proton-energytspethat were measured
in the experiment with the Thomson parabola for a range getahicknesses between
Gharget= 8.5um and 3Qum and a laser intensity ¢f = 1.3 x 10'9W /cn? with the energy
spectra calculated from the numerical simulation for theesanitial parameters using an
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Figure 8.2: Comparison between the maximum proton eneEgy,obtained in the experiment
with a laser intensity of B x 10'°W/cn?, a prepulse duration of.2ns, and different target
thicknessesgharget and the cutoff energie€, rear, Obtained from the numerical simulation for
the rear-side acceleration. Normal injection of the etattbeam was assumedl,, = 0°, and a
range of half-opening angle8;,, between 7 and 1. This area is hatched in blue.

initial half-opening angle o, = 9°. As it can be seen in the plots, also the proton-energy
spectra are well reproduced by the simulation in terms ajdf€enhergy and temperature,
but only for the hottest proton component. The cold protomgonent in the spectrum,
that is not reproduced by the simulation for any foil thickeecan either come from

a second, colder component in tekectrorenergy spectrum, as it has been observed
experimentally by L. M. Wickengt al. [120] and explained theoretically by J. Denavit
[85], or it indicates that the rear-side acceleration isthetonly active mechanism. This
point will be addressed below.

In Fig. 8.4, the results for the proton cutoff energies aimdi from the numerical
simulation are compared to the experimental data for atbfigbwer laser intensity of
I = 1.0x 10**W/cn?, as it was present in the experiment. This plot contains ¢he r
sults for three different ASE prepulse durations. For eaglg, a very good agreement
between experiment and simulation is found at and abovénttieidual optimal target
thickness depending on the prepulse duratayg: & 2pm for Tase = 0.5ns,dgpt = 3pm
for Tase = 0.7ns, anddypt = 8.5um for Tase = 2.5ns). Below each individual optimal
target thickness, the proton cutoff energies remain wedhvioehe theoretical prediction.
In this range, the experimental observations cannot beamqu by the simple model
assuming an initially step-like proton distribution at theget rear side.

As it was shown in chapter 6, the values for the optimal tatigiekness are qualita-
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Figure 8.3: Comparison between proton-energy spectra measured inxperiment (black
squares) and calculated using the simulation code (greenatids). A very good agreement
is found between measured and simulated temperature aoff energy of the hottest proton
component for all thicknesses. The low-energy part of theegspm cannot be explained by the
simulation, that includes the rear-side acceleration.dwbte that the simulation only gives a pro-
ton densityn,, per energy interval and not a total number of protds, The calculated spectra
are all shifted vertically by the same factor to match theeekpentally measured total proton
numbers.

tively reproduced by NMILTI-FS simulations describing the prepulse-induced changes in
the target properties. This strongly implies that also thenges in the proton cutoff en-
ergies are induced by the prepulse. To give a consistentrpicll effects induced by the
prepulse have to be taken into account. This is presentédrtinext section.
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Figure 8.4: Comparison between maximum proton energies from the expatiand from the
simulation for a laser intensity of. @ x 101°W/cn?, three different prepulse durations ab@s,
0.7ns, and B ns, and different target thicknesse;qet Again a good agreement between experi-
ment and theory is found but only for targets at and abovantigidualoptimal target thicknesses,
that depend on the individual prepulse durations. Notedkattly the same range of initial half-
opening angles (7< 6, < 11°) was used for the simulation as in Fig. 8.2.

8.2 Prepulse-Induced Effects Relevant for the Rear-Side Pr  oton
Acceleration: Numerical Description of the Fast-Electron
Transport

In the last section, the “free-streaming” model for the &@t propagation in the target
was used to interprete the experimental results concethimgear-side proton accelera-
tion.

A more elaborated picture should additionally include thepplse-induced changes of
the target properties as density and temperature varsatenmd describe their influence
on the proton acceleration. The rear-side proton accaerg directly influenced by the
formation of an ion-density gradient at the target rear,sidet was shown in chapter 7.
Furthermore, one would expect that the expansion as welleaadsociated density and
temperature variations inside the target influence thdreled¢ransport through the mate-
rial, too. This indirectly influences the proton accelemtias the latter depends on the
electron density distribution at the rear side of the targdtich is likely to be modified
by the electron transport.
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To include all these aspects, numerical simulations witis&électron transport (FET)
code were carried out by J. J. Honrubia. This code calcuthteslensity distributions
and mean energies of the electrons exiting the target atetireside. These values are
used afterwards in the numerical simulation code for the-sieke proton acceleration,
that was described in chapter 7, where also the rear-sidgtgetistribution influencing
the proton acceleration can be taken into account. Thidyipizlds the peak proton ener-
gies including all prepulse induced effects, which are ttb@mpared to the experimental
results.

8.2.1 The Fast-Electron Transport Code

The FET code is a hybrid code. While the fast electrons arerifbesl as “macro” parti-
cles each representing a fixed number of @al” electrons as in a PIC code, the cold
background electrons are treated as a fluid. It describeprtpagation of a relativistic
electron population through a target that can exhibit aitialrion- and electron-density
distribution. These initial target properties are caltedaseparately by MLTI-FS or an
equivalent hydro code, simulating the influence of the lasepulse on an aluminum foil
of a given thickness as described in chapter 6. The retunemuinduced by the fast
electron current is computed self-consistently, inclgdihe heating of the background
plasma due to resistive heating of the return current andalaaergy deposition by col-
lisions. These collisions are treated as in standard 3-Dt&4Qarlo codes. Additionally,
the formation of azimuthal magnetic fields is calculatedegehfields can pinch the fast
electron beam as a whole.

The electromagnetic fields are calculated by combining Aeipéaw without displace-
ment current [121] with the simplest form of Ohm’s law anddeay’s law

g - 1—’ =
= —Ji+—=0OxB, 8.4
Ir J ™ (8.4)
z - L and (8.5)
- o JI‘) "
0B L
_— pry —D .
o x ‘E, (8.6)

where]; and ; are the fast and return current densities, respectivetyoan 1/n is the
target conductivityn is the resistivity, both depending on the background iorsit¢and
the temperature (see below). In the code, the particlect@jes are simulated in 3-D,
but to describe the electromagnetic field generation in &nget, cylindrical symmetry
around the axis of the injected electron beam is assumedefbine, the code takes into
account the electric fields in radial and longitudinal dii@t, % andZE, respectively, and
the azimuthal magnetic fieldBg. These fields are generated during the the propagation
of the electron beam. To provide charge neutrality, a retument sets in immediately
after the onset of the electron-beam injection as desciigeshy. (8.4). The conductivity
of aluminum is computed by the model of Lee and More [122],cltdllows to calculate
transport properties of partially degenerated plasmas. cbimductivity of aluminum for
different temperatures and two different densities is degiin Fig. 8.5. Note that the
conductivity for low densities, i.e. for an expanded tasgigh temperatures below 100eV,
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is reduced compared to the case of a solid target. This carpteired by the lack of ion
correlations found in solid conductors.

In the simulation, the laser-generated electron popudasoinjected at the left side
of the simulation box. Although the laser-plasma inte@ctnd therefore the explicit
electron acceleration is not included in the simulatioe, thmporal and lateral distribu-
tions of the electron population are closely related to tkgedamental conditions. The
population has Gaussian distributions both in time and diatadirection at the target
front surface. The FWHM of the focal spot is taken a8udn, similar to the experi-

4 e

b 5um
Figure 8.6: Aluminum- r
foil density profiles for differ-
ent initial thicknesses after the
irradiation with an ASE pre- a
pulse oftase = 2.5ns coming 0’ ‘ - — A
from the left. These density
profiles were used in the FET —40 —30 —20 -10 0 10
simulations. distance [um]

ion density[g/cm’]

ment, and the pulse duration at FWHM of the intensity is 150ifh a peak intensity of

I max= 1.5 x 10'YW/cn?. The mean energy of the electrons follows the temporal evo-
lution and the radial profile of the laser intensity and itéscribed by the ponderomotive
scaling law, eq. (2.44). Again, a conversion efficiency o¥%2fBom laser pulse energy
into fast electrons is assumed [9]. The electron populdsdnjected into the target in a
beam aligned around the target normal direction with armainitalf-opening anglegi,,
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which is the only free parameter in the simulation.

The target is implemented into the code by ion- and electesitly distributions and
a temperature distribution, that is assumed to be initielimensional and varying only
in the propagation direction of the electron beam. The iensity profiles used in the
FET code are shown in Fig. 8.6. These ion-density distiiimgtiare assumed to remain
unchanged during the electron-beam propagation.

8.2.2 Simulation Results from the Fast-Electron Transport Code

Fig. 8.7 shows results from an exemplary simulation run lier gropagation of an elec-
tron population through a target. The electron populatfsirinilar to one generated by

t=100 fs t=200 fs t=300fs

_lo 83x10"A/em’
g J
N 0 - 0

10 ™ : = T !
L ». o ; 8.6x107°Qm
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Figure 8.7: Current densityj (first row), resistivity,n = 1/c0 (second row), longitudinal electric
field, Ex (third row), and azimuthal magnetic fiel&g (last row), during the propagation of an
electron pulse through a target consisting of an exporlantiadensity profile extending from
X = 0pm to x = 60um at three different time steps:= 100fs (first column)t = 200fs (second
column), andt = 300fs (third column). The plots are two dimensional, cytiodl symmetry
around the horizontal axis is assumed.

a 150-fs laser pulse having a peak intensity &>110°°W /cn?. It is injected at the
left boundary of the simulation box and propagates throughlaminum target that ex-
hibits a density profile increasing from2¥ g/cm? to 2.7 g/cm?® over the whole length of
the simulation box. This target, that has been expandedéjrrddiation of a prepulse,
corresponds to an initial foil thickness of @@. The electron pulse is closely related to
the current denstity (first row) and propagates to the righs injected with a Gaussian
radial distribution, correlating to the radial current digjmatx = 0 andt = 100fs. Due to
velocity dispersion, the pulse is elongated in space, whitrn reduces the peak current
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density at later times. The return current, that is carrigthle initially cold background-
electron population, that has a much higher density, ctinsi@ much slower drift motion
to the left. Due to the lower electron velocities, the retturrent experiences an enhanced
stopping due to collisions, as the cross section for Coulooilisions increases for de-
creasing electron velocities, what in turn heats up the dpackd plasma and thereby
strongly influences the target resistivity (second row).th#d head of the pulse, where
the background heating just sets in, the temperature quiidds toTpack~ 50...100eV,
where the resistivity is maximal (i.e. the conductivity isimal, cf. Fig. 8.5) and thus the
longitudinal electric field is peaked (third row). Insidetblectron beam, the temperature
is much higher and the resistivity is reduced again. Theiapadriation of the electric
field induces an azimuthal magnetic field around the eledieam (last row). Depending
on its strength, the beam injected into the target with atiairinalf-opening anglegi,,
can be pinched and the propagation occurs in a collimateah re¢he target.

It is observed in the simulations that the electrons irjtidllow a straight line after
they are injected into the target. Depending on the initiggdtion angle 8;,, and the
heating rate of the background plasnjr /p, the azimuthal magnetic field can grow
strongly enough to pinch the electron beam or the electramidiverges too fast and no
pinching occurs as described by A. R. Betlial.[79]. This behaviour is shown in Fig. 8.8,
where the collimation is described by the ratio between libet®n-spot diameters on the

5¢ =
Figure 8.8: Ratio be- g ]
tween electron-spot diameters 4 i ]

on the target front and rear
/ expanded

front

side,drear/ diront, Characterising g
the collimation of the electron~, 3 -
beam in the target for three dif-<w5* -
ferent initial half-opening an- 2c
gles,8j, = 20° (blue squares), 8
30° (black squares), and 40 1
(green squares). For the case

of 8inh = 30°, the beam colli- L ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]
mation for an expanded target 0 5 10

(black line) is compared to the ) 2
solid target (red line). areal density [g/cm’]

30°

30°
20° -

solid

target rear and front sid€ear/diont. While for the case o8, = 40°, the electron beam
clearly diverges, it is collimated for the angles of 2hd 20. It is further found that the
electron beam is less collimated when propagating throudgmaity profile than through
solid material (compare red an black line f = 30°). This can be explained, as the
higher density present in solid material leads to a loweastiggy and a weaker resistive
heating of the target material (cf. Fig. 8.5), i.e. to lowemperatures in the material.
These lower temperatures in turn result in higher resis&icompared to the expanded
target, what leads to the generation of stronger electidcraagnetic fields and therefore
a stronger collimation.
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8.2.3 Application of Simulation Results for Proton Acceler ation

To quantitatively investigate the influence of the electn@msport effects described in
the last section on the rear-side proton acceleration, ébelts from the FET code are
used to determine a mean electron density, a mean electron eneryy(Eejectron, and

a mean electron-pulse durationse at the target rear side. These quantities are either
inserted into Mora’s formula, eq. (2.68), for targets thi#itshow a step-like rear-side ion-
density gradient as for thicknesses dbjim and above or into the numerical simulation
code described in chapter 7 including the ion-density gratdior thinner targets. In both
cases, the peak energy of protons accelerated at the taggeturface is obtained.

The proton-acceleration time is determined by the effectluration of the electron
beam passing through the rear surface of the target. THisvgrsin Fig. 8.9 for three dif-

Figure 8.9:  This plot gives
the number of electrons per
fs exiting the rear surface of
the target within the FWHM
C - of the rear-side electron spot.
o e e e For thicker targets, the effec-
150 200 300 400 450 tiv pulse durationTpuse is in-

time [fs] creased.

electron number [10"/fs]

ferent target thicknesses. The effective pulse duratigise that determines the proton-
acceleration time, increases for increasing target tlesges.

The averaged electron density, at the target rear side is determined by the total
electron number exiting the target within the FWHM of therrside electron spotear.
This spot size is strongly influenced by a possible pinchihthe electron beam in the
target, as it was shown in Fig. 8.8. This number of electrenevided by the FWHM-area
of this spot,mdZ,,/4, and the length of the electron pulseTpuise to Obtain the averaged
electron densityngg, at the rear side.

As the injected electron beam looses a part of its initialrgyeluring the passage
through the target, its mean enerdieiectron, IS reduced. The main contributions to the
energy losses are the resistive heating of the backgroasdnal by the return current, that
takes all of its energy from the fast electron beam, andsiofis of the fast electrons.

Table 8.1 summarises the results obtained from the hyb@dBdle describing the elec-
tron transport through targets of different thickness gisire ion-density profiles shown
in Fig. 8.6 and an initial half-opening angle &f, = 30°. The last column finally gives

1The mean electron energEeiectron IS treated as an effective electron temperatigs@e.
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target thickness| drear | Nelectron | Tpuise | (Eelectron Eproton
(Hm) (um) | (x10Y) | (fs) | (MeV) (MeV)
1.5 4.6 7.30 185 0.65 0.93 (1.94)
2 4.3 6.42 190 0.67 1.02 (2.05)
3 3.8 5.38 190 0.69 1.15 (2.22)
5 4.8 4,93 175 0.75 2.66 (3.72)
8.5 5.0 5.35 180 0.75 3.87
14.1 6.2 5.81 180 0.75 3.13
20 7.4 5.15 205 0.73 2.46
30 7.6 3.00 220 0.72 1.68

Table 8.1: Parameters for the rear-side proton acceleration obafioedthe hybrid PIC simu-
lation. Here, the ion density profiles from Fig. 8.6 and atiahhalf-opening angle o8, = 30°
were used. The last column gives the peak proton energy dgtwe by Mora’s analytical for-
mula, eq. (2.68) or by the numerical proton simulation. Ferfirst four thicknesses, the energy
in brackets gives the proton energy for a step-like ion dgrmBstribution at the target rear side.
The reduced energy takes into account the effect of the {sefuduced rear-side gradient.

the proton cutoff energies that were calculated either Witha's formula, eq. (2.68), or
with the numerical simulation for the rear-side acceleratiFor the first four thicknesses
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Figure 8.10: This plot compares the simulated proton cutoff energiesfiteree different models
with the experimental data (red squares).

(dtarget < 5pm), the two different energy values correspond to the capésc{uding an
ion-density gradient, the scale length of which was preditty MuLTI-Fs, or (ii) a step-
like ion density distribution. The density gradient leadstsignificantly reduced proton
cutoff energy, as it was also shown in chapter 7 and has tokea fato account. These
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results are finally compared to the experimental data fopéak proton energy for differ-
ent target thicknesses and a prepulse durationsaiin Fig. 8.10. Here, several different
simulation results are shown, each including differerea. While the dashed blue line
gives the result from Mora’s formula assuming a free-stiagrelectron beam in the tar-
get with6;, = 9°, as it was discussed in section 8.1, the red and the pink carvespond

to runs with the FET code taking into account the collectiffeats experienced by the
electrons in the target. Both runs start with an initial fadening angle of 30 While the
run corresponding to the pink curve simulated the trangpastigh solid targets of the ini-
tial thickness, the red curve was obtained from simulatirgelectron transport through
“expanded targets”. In these latter cases, the target siggadue to the laser prepulse,
as it was described by MLTI-FS simulations, was additionally taken into account. For
the thinnest targetsifget < Sum), the the rear-side ion-density gradient strongly reduce
the peak proton energies. For the solid red curve, wherdfalite discussed so far are
included, a good agreement with the experimental data isofdor diarget > Spm.

While it might first be surprising that both the simple estiima of the free-streaming
electron propagation and the much more elaborated nurhshinalation of the electron
transport through the target give quite similar resultstfeg rear-side proton energies
at targets above the optimal thickness, it appears thatdtii@ally included effects
in the numerical simulation cancel each other to some exiafile the free-streaming
case assumes the same mean energies for the electrons d¢arpettsurfaces and should
therefore overestimate the proton energies compared t&fesimulation, where energy
losses of the electrons are included, the increase of tlkeet®# electron pulse length,
Touise and therefore the proton acceleration time, slightlyeéase the proton cutoff energy
again. Additionally, the beam pinching acts as to increaseirtitial electron densities,
Neo, at the target rear side, while for the free-streaming dasedar-side electron density
steadily decreases with increasing target thickness. ©attier hand, taking into account
the lower ion densities in the expanded targets reducedfdw ef the pinching again, as
it is shown in Fig. 8.10. Taking into account these four ddddl effects in the FET code,
two acting as to increase the proton energy and the two o#isets decrease the proton
energy, the similarity between the two different approaaten be understood.

However, for the thinnest foilgi{zrget < 3um), the predicted proton energy is lower by
at least a factor of 2 compared to the experiment. When tm-gide proton acceleration
is considered, even those energies can be explained. Tihievghown in the next section.

8.2.4 Comparison between Experimental Results and Front-S  ide Proton
Acceleration

In the last section, a good agreement between experimerthantimerical simulations
describing the rear-side proton acceleration for targéts thicknesses 0flarget > Spm
was found. Below this thickness, the predicted proton eesrgiere lower than those
measured in the experiment. This is caused by the strongsipaof the target, the
associated changes in the electron transport, and the tiomwf a rear-side ion-density
gradient due to the laser prepulse.
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However, including the front-side acceleration mechanigves a natural explanation
for this feature. The peak energies of protons, that arderated on the target front side
by the electric fields set up by the ponderomotive chargers¢ipn in the laser focus,
depend on the laser intensity only. The initial energiesteadescribed by eq. (2.53)

ILAZ
Epront = 1.15MeV- | /1 -1 8.7
pfont (\/ T 137X 10%W/en? e ) (8.7)

that was derived in chapter 2. For the three laser intessiteresponding to the different
lines in Fig. 5.6, this formula leads to front-side peak pro¢nergies of

Epfront = 1.56MeV for I =1.0x 10°W/cn?,
Epfront = 1.87MeV for I =1.3x 10°W/cm?, and
Epfront = 2.07MeV  for 1. = 1.5x 10"°W/cm?.

When protons of these kinetic energies propagate throwgtirally stopped. This stopping-
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mechanism is treated numerically using tabulated valuethéostopping power, E/dx,
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for protons in (cold) aluminum from the National InstituteStandards and Technology
(NIST, [106]). The kinetic energy of the protons at a givempttiex, of the target is
obtained by the following integration:

X

dE(X
Ep(X) = Ep,front - / df(/ )
0

dx’. (8.8)

The integration is carried out, until the proton is stoppEkis stopping distance depends
on the initial energy. In Fig. 8.11 the proton energies amshthat were calculated by

assuming that the protons are accelerated at the targésfdato a peak energy given by
eq. (8.7) using the intensity from the experiment. When fhreypagate through the target
material they lose a part of their energy and would leave getasf a certain thickness

with the kinetic energy given by the dashed green line.

A good agreement between the theoretical model fofrimd-sideacceleration and the
experimental data is found for the thinnest foils and longppises, while in this region,
the model for theear-sideacceleration including prepulse effects predicts peakopro
energies, that are too low compared to the experiment. Oattier hand, the front-side
acceleration cannot explain the maximum proton energiaachibove the optimal target
thickness, as their initial energy is too low and for thictegets, the stopping in the target
material reduces their kinetic energy even more.

8.2.5 Conclusions from the Target-Thickness Scan

Including all the prepulse-induced effects and considgtire two different acceleration
mechanisms from both target surfaces, the experimental atatld well be reproduced
by numerical and theoretical predictions. This is sumnedrig;n Fig. 8.12. It shows
the comparison between the experimentally measured poottmff energies for a laser
intensity ofl, = 1.5 x 10"°W/cn? and the theoretically determined values using the two
models for the front- and rear-side acceleration. The agee¢ between these models
and different parts of the experimental curve suggestshibidt acceleration mechanisms
have to be taken into account to explain the whole experiment

The results from the comparison of the experimental data friwe target-thickness
scans with numerical simulations considering all prepinseiced effects can be sum-
marised as follows:

e The occurance of the optimal target thickness for the pratmelerationgyp:, and

its dependence on the prepulse duratipgg, could be explained for the first time
by combining MULTI-Fs simulations, that describe the influence of the laser pre-
pulse due to ASE on the target properties, with a fast-aladiransport code. For
sufficiently thin targets, the prepulse has both reducethtiget density and formed

a rear-side ion-density gradient. The first effect leads lesa collimated electron
transport in the target, as the collimating magnetic fieldsvaeaker for lower tar-
get densities. This reduces the electron density in thesidarsheath. The latter
effect further reduces the acceleration fields as desciibetiapter 7.2.3. Both
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Figure 8.12: Comparison between the experimental results for the protwoff energy with
the theoretical models for the front- and rear-side acatéitar. Neither of the two acceleration
mechanisms is able to explain all measured cutoff enerdrethe different parameter regimes
either the front-side or the rear-side acceleration leadse peak proton energies.

effects significantly reduce the cutoff energies of protaoselerated at the target
rear surface, as it could be shown in a numerical descrigtidche processes.

e The absolute values for the cutoff energies and the tempesabf the hottest com-
ponent in the measured proton-energy spectra are welldepeo by a combination
of a fast-electron transport code and a one-dimensionailation code for the rear-
side proton acceleration. This agreement is only founddiayets at and above the
optimal thickness.

e The proton energies obtained for thin foils and long prepulsrations cannot be
explained by the rear-side acceleration mechanism. Haw&wethese cases the
front-side acceleration mechanism predicts peak protergés, that exactly match
the experimental results.

By changing both prepulse duration and target thicknesspieddently, a distinction
between protons accelerated from the target front and igaris possible. It is found
that the proton component with the highest kinetic energies$ the hottest temperature
is accelerated from the target rear surface. By using seffilyi thin targets and long
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prepulses, the generation of this component in the energgtigpn can be suppressed.
In this case, only the proton component accelerated fromatyet front side remains,
having a significantly colder temperature and lower peakges

8.3 Results Obtained from the Angular Scan

In chapter 5.4, angularly resolved measurements of thepetergy spectra were shown.
The proton-beam divergence was found to strongly depenthe@iinetic energy of the
protons. Generally speaking, the low-temperature compoimethe proton spectrum
shows a much smaller divergence, i.e. it is emitted in a varyow cone, while the hot-
temperature component is emitted in a cone with a significdautger opening angle. A
detailed investigation presented in Fig. 5.12 revealednangy dependence of the beam
divergence, that is peakedm&s ~ 1.8...2MeV. Above this energy, the divergence angle
decreases again what is in good agreement with measurefremtsther groups [28,82].
Furthermore, it was found that the strong collimation of ¢b&l-proton component is re-
duced for a longer prepulse duration.

These experimental findings will be explained by comparheyéxperimental results
with 3-D particle-in-cell (PIC) simulations carried out By Pukhov [45] using the code
VLPL (the Virtual Laser Plasma Laboratory) [123].

8.3.1 Description of the Proton Acceleration with 3-D PIC co  des

The entire process of proton acceleration from the targat sarface has to be treated
in two or even three dimensions. Although it is sufficient &sckibe the acceleration
in 1D for the highest proton energies, that are acceleratetle center of the electron
spot on the target rear side, where both temperature angléxiton density are maximal
[18,45, 86], the slower protons are likely to be acceleréteh regions outside the center
of the electron sheath. This phenomenon has been observad Bykhov in 3-D PIC
simulations. In a numerical run simulating a “model problddb], a laser pulse of
1-um wave length and an intensity of W /cn? interacts with a 124m thick hydrogen-
plasma layer with an initial electron density of 16,.

The electrons accelerated at the target front side propdleiugh the target forming
a cone that is characterised by its half-opening arifleas described in the last section.
These electrons leave the target and are pulled back by igiagaelectric fields that
also drive the proton acceleration. As it has been obsenvgds], the electrons form
a “fountain”-like structure, while they are pulled back, atheads to a large halo in the
electron density around the dense spot, where the eledirstexit the target. When these
electrons return to the target front surface, where thepgain pulled back into the target
and come back to the rear side a second time, as it has beeibddday A. Mackinnon
and Y. Sentoku [38], they loose energy, while they heat upbtilk of the target, and
quickly spread out sideways further increasing the eleesfmot size on the rear side. The
hot-electron density distribution calculated from thimslation run is given in Fig. 8.13.
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Figure 8.13: Electron density in the target in units of; = 1.1 x 10?tcm=23 calculated by

A. Pukhov [45]. The laser with an intensity of = 10*°W/cn? and a wave length of = 1um
impinges on the left side of the targetat 0 andy = 0 and accelerates electrons that propagate
through the target several times. In this plot, the densgyribution of electrons with kinetic
energies above 100keV is shown after the laser pulse hasntgad. These electrons form a

“fountain”-like structure at the target rear side.

As a consequence of the fountain structure, the electrositgeremains as high as
estimated in eq. (8.3) only in the center of the electron apdtquickly drops towards the
outer regions where according to eq. (2.58) also the etefiéld is significantly lower.

ZIA

=
o

~—
~

-
Figure 8.14: 3-D view of the elec- €I ‘

trostatic field driving the proton accelera £
tion calculated in 3-D PIC simulations in Q
[45]. The blue isosurface has a field valu -
of —1.6 x 101V /m, the light red isosurface . Q
corresponds to.6 x 10tV /m, and the dark 2 -

red blob in the center has peak values X/ Q@ >~ Q
3.2x 10*V/m. v

Y/A

This leads to a spatial distribution of the electric field,itasas calculated in [45] and
shown in Fig. 8.14. Note that the center of the electron spiiteatarget rear side, where
the electric field has its peak value, has a diameter of enlpum. This is in very good
agreement with the assumption for the half-opening arjle(9+ 2)° of the electron
beam in the target made in section 8.1.1, that predicts atretespot with a diameter
of (8.8+0.9)um for a target thickness of 1&n as it is simulated here and also with the
results from the FET code, where a diameter betwegmil@nd 124um was predicted
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for the two target thicknesses o5§im and 141pm (cf. table 8.1).

Fig. 8.15 gives the corresponding acceleration sketcthfmptotons. Here the electric
field vectors are plotted according to the electron density temperature distributions.
The proton acceleration follows these field lines. In ouggions C) the proton energy
remains low but these protons have a stronger collimati@ntdthe plane electron distri-
bution. Moving towards the center of the electron sheathethctric field increases, but
its direction is first tilted compared to the target normatdgionB, resulting in protons

Figure 8.15: Schematic acceleration of
protons from the target rear side following
the real electron density and the correspond-
ing electric field distribution. The protons
with the highest energy are accelerated with
a small divergence in the center of the elec-
tron sheath (regioA), where the electric field

is peaked, indicated by the red arrows. Going
from the center of the electron sheath to outer
regions, the divergence first decreases (region
B) due to the form of the electron distribution
and also the proton energy drops. In regiyn
the sheath is plane again leading to a smaller
divergence, but due to the low electron den-
sity, the electric fields are lower here resulting
in lower proton energies.

with higher energies but a larger divergence. In the cemégibn, A, the electric field
is peaked and the lines are again almost parallel to thettagyenal. Here the fastest
protons are accelerated and emitted in a narrow cone again.

8.3.2 Conclusions

This comparison with Pukhov’s 3-D PIC simulations explains strongly forward di-
rected cold proton component mainly originating from théeowegions of the electron
sheathA, while the divergence first increases for higher protongasr that come from
regionB. For the fastest protons, that are accelerated exactlyeirce¢hter of the elec-
tron spot, regiorC, the divergence decreases again. This behaviour exagitgdeces
the experimentally found energy dependence of the protamdbdivergence. It has also
been observed in 3-D PIC-simulations by H. Ruhl [124]. Aitgb the main features of
the experimental results can be understood on the basig girtiulations by A. Pukhov,
a detailed 3-D simulation that exactly includes all expeninal parameters as prepulse-
induced effects and the acceleration of all the differentsgpecies including their ionisa-
tion process is presently beyond the limit of computatioraburces.

Furthermore this picture of the rear-side acceleratiotsis able to explain the changes
in the divergence of low-energy protons observed for lomgepulse durations. In this
case the prepulse has already started to heat up the backtafglet initiating a rear-side
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expansion that also has to be treated in 2-D, when regionsf dloe center of the electron
spot are taken into account. Then the rear surface is no dgrigee but has a convex
shape. This leads to a larger divergence also for the longgmaotons, in accordance
with the experimental observations.



Chapter 9

Summary and Perspectives

During the course of this thesis, experiments were carnigdmcharacterise the proton-
acceleration processes that are active during the intenagt high-intensity laser pulses
with solid targets. As a whole, the results and their théoaibinterpretation answer many
guestions concerning the physics underlying the accaderptocesses.

The results presented here shed new light onto experimeantameters that were found
to have a profound effect on the proton acceleration. Tagethith laser intensity and
pulse energy, the target thickness and the duration of thiesit prepulse due to ampli-
fied spontaneous emission (ASE) were shown to play an imutoxée. Within this work,
the occurance of an optimal target thickness was observedraexplanation for its oc-
curance was found. The value of the optimal thickness slyatepends on the prepulse
duration that could for the first time both be controlled anded.

The prepulse-induced changes of the target-density amgbeteture distributions were
found to significantly influence the electron transportdesthe target and as a conse-
guence also the proton acceleration. Including these [seqianged target properties
in computer simulations yielded a good agreement betweemtimerically predicted
proton energies and the experimental data. However, the grezrgies obtained fall
experimental parameters could only be explained by a palygicture that includes both
front-side and rear-side acceleration mechanisms fobpsot

It was found that the optimal target thickness delimits twat@n acceleration regimes.
At and above the optimal target thickness, the fastest psadoe accelerated from the rear
side, the electron beam propagating through the targetlimmeted in this regime. For
thinner targets, the density in the target is significangiguced by the prepulse heating,
what reduces the collimation of the electron beam in thestaagd consequently the rear-
side acceleration fields. The latter are additionally diskiad by an ion-density gradient
that was formed at the target rear side. By a further reduaifdhe target thickness the
rear-side mechanism is rendered more and more ineffeclike.front-side mechanism,
however, only depends on the laser intensity. For the tsintagets and the longest
prepulse durations, the rear-side acceleration is stysugpressed and the fastest protons
come from the target front side.

The changes at the target rear surface are mainly induceddigtive heating due to
prepulse-generated X-rays. This depends on the targéntss, as the radiation gener-
ated in the focus of the prepulse on the target front sideeisrtbre absorbed inside the
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target the thicker it is. For thicker targets it was foundt ttieese changes of the target
properties begin at a later time compared to thinner foilkis Exactly reproduces the
experimental findings.

In conclusion, the experimental results and their thecaetand numerical interpre-
tation reported in this thesis bring about new and relevapeets concerning the laser-
induced acceleration of protons and light ions for futurpegknents. They can also help
to understand and solve apparent discrepancies in the cmmpaf experiments that have
been carried out with different laser systems. It turns bat is is of extreme importance
to control the laser prepulse — or at least characterisertpdral evolution — in order to
otimise the experimental conditions for proton accelerati

9.1 Possible Future Experiments on Proton Acceleration

This work has shown that also small-scale table-top lasstesys as ALAS have the
potential to be an efficient source of laser-acceleratetopsp when all experimental
parameters including the prepulse duration can be coatt@lt accurately as possible. It
was shown that it is preferable to reduce the laser prepoilderations as short as possible
to maintain an undisturbed target rear surface also forhinaest foils.

The MuLTI-Fs simulations describing the influence of the laser preputsthe target
properties have shown that for prepulse intensities as $oiv the experiments described
here the radiative heating is the dominant process to deitteatarget rear surface before
the main pulse arrives at the target front side and the idar{@oton acceleration is
initiated. One possibility to reduce this heating is to pweay thin low-Z layer on the
front side of the aluminum target that was used here. For suElrget configuration,
the material of the front layer is also heated by the prephiget emits characteristic
radiation at lower photon energies compared to the alumintinis radiation is quickly
absorbed in the aluminum layer, leaving the target rear sighsturbed. The layer on
the target front side (e.g. plastic or beryllium) should kehin as possible to leave the
electron transport unaffected but thick enough to prevemtailuminum from heating by
the prepulse. Other high-materials as gold or tungsten could be used for the second
layer, too.

Following the road towards shorter and shorter laser-pdisations, the applicability
of such pulses for proton acceleration has to be addressed,Tthe effectivity of the
rear-side acceleration mainly scales with the productsgrantensity and pulse duration,
IL - T, which is proportional to the laser enerdy,, if an optimal focusability of the
laser pusle is assumed. This relation was empirically fduni. Roth by comparing all
existing results from different laser systems [125] withspudurations of, < 1ps. This
dependency implies to use lasers with as high pulse enagigsssible for an efficient
proton acceleration and not to reduce the pulse durationuah ras possible. However,
with lasers potentially delivering pulses as short as 51 p@ak intensities in excess
of 10?° or even 18*W/cn?, the generation of electron populations having tempegatur
in the range of 10MeV and high total numbers is possible. @lesctron populations
might generate significantly stronger electric fields atréa side of the target and field-
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ionise atoms at the surface into much higher charge statés.cduld be a possibility to
generate beams of ions with higher charge states as prepestible. It was shown by
M. Hegelich [18] that the ion population that was field iomige the highest charge state
by the electric field at the rear side is preferably accedekavhen surface contaminations
including protons are removed by resistively heating thgdiato several 100’s of Kelvin
before the laser shot. Thus, the usage of shorter lasersgggserating higher initial fields
might help to generate higher charged ion beams. Howeueasito be considered that
due to the shorter pulse duration, the life time of the acattm fields is also reduced,
what leads to lower peak energies of the ions. Furthermloeenimber of electrons in the
hot-electron population has to be considered, too. Nestesk, the utilisation of shorter
laser pulses for proton and ion acceleration appears to dmaygomising potential for
future experiments.

Turning to the front side of the target, the peak energy ofptiwdons accelerated here
depends on the ponderomotive potential of the laser, assisivawn in chapter 2.4.1. As
this scales with/1, for high laser intensities, the front-side acceleratiooudth overcome
the rear-side acceleration at a certain intensity. Furibeg, it seems possible that the
protons that were pre-accelerated at the target front siolgagate through the foil and
get a second acceleration kick in the rear-side electroatBh&or these purposes, lasers
with extremely high intensities would be preferable as tteqms at the target front side
have to gain sufficiently high velocities to reach the targat surface before the rear-side
sheath breaks down, when the pulse is over. This requirgsttoils as thin as possible
and as a conseqguence a contrast ratio between laser prapdiseain pulse as high as
possible to preserve an undisturbed target rear side as itomad in this thesis. Meeting
all these requirements would possibly allow a proton acaétm to even higher energies.
In this case, it would no longer make sense to dedicate tiginasf the fastest protons to
one target surface, but they were accelerated at both sidies target.

9.2 Suggestions for Future Numerical Simulations of
Laser-Plasma Interactions

It was shown in this work that the correct implementationtaf initial target properties

into numerical simulations is of crucial importance. It @t sufficient to treat the initial

target as a cold solid, but prepulse-induced effects wearenstio have a profound effect
on the simulation results concerning the electron trarispod the proton acceleration.
The fast-electron transport in the target strongly depamdshe resistivity distribution

that in turn depends on the initial density and temperatistilolitions in the target. As
a consequence, the rear-side proton acceleration is atswht influenced. Furthermore,
it was shown that an ion-density gradient at the target riei@raso has to be taken into
account.

For a complete description of all the processes that affecptoton acceleration the
development of computer codes is necessary that treatt®#lectron transport through
the target and the rear-side build up of an electrostatiential driving the proton accel-
eration in a self-consistent way. It is likely that both peses influence each other, as
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those electrons, that have left the target, are pulled badkéarising electrostatic field
at the rear side, and re-enter the target, modify the trahgpdhose fast electrons that
follow subsequently. This modification of the electron sport in turn has consequences
for the rear-side acceleration. The development of suchda owluding all these effects
is currently under way [126].



Appendix A

Setup of a Novel Synchronised 2-Colour
Probe Beam for Preplasma Diagnostic

In laser-plasma experiments, it is convenient to use prehels synchronised to the main
pulse to backlight the laser-target interaction area fioeside to record snapshots of this
area with a time resolution that is given by the probe-beamatthn (see e.g. [37,42,72)).
By changing the delay between the main pulse and this probm lmn the target, the
plasma evolution can be studied in a sequence of laser shotkis appendix, we will
describe the setup of a novel 2-colour probe beam that waktas#udy the generation
and evolution both of preformed plasmas and of a plasma sfg@mel. With the novel
technique using two probe beams, the formation state offtaarel can be observed at
two different time stages during the very same laser shot.

After a short description of the setup in section A.1, theagation of two probe beams
of ~150-fs duration and different wave lengths separated\by- 4.1ps is described
in section A.2. These two beams are used to probe a prepldsanhavas formed by
a synchronised frequency-doubled Nd:Glass-laser daliygiulses of 12-J of energy at
532-nm wave length with a duration of 3ns. Using a Wollastdenp for interferome-
try [127], that is introduced in section A.3, the electromsity of the preplasma can be
deduced from these interferograms, as shown in section Anally, the formation of a
plasma channel is observed [10, 72, 128], that is generatédchising the synchronised
Ti:sapphire-laser ALAS into the preformed plasma.

A.1 Experimental Setup

The probe-beam setup is sketched in Fig. A.1. After the firgltirpass amplifier, a
part of the streched beam is split off, recompressed to 1B0fse ATLAS-2 grating-
compressor chamber and sent into a delay line. This 790-rge pontains~ 5mJ of
energy. After that the beam diameter is reduced by a lenscgbe. This d-beam

is frequency doubled in a 2-mm thick type-1 KDP crystal. Befthe pulse enters the
crystal, its polarisation is rotated byM/2 wave plate, that its plane of polarisation is
tilted by 45 to the vertical axis. The@pulse generated in the KDP crystal has its plane
of polarisation rotated by 9Go the fundamental beam. This choice of polarisations was
necessary for the interferometry using a Wollaston pristmatwvill be described below.
These two beams are guided into the target chamber wherddtieypass the interaction
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Figure A.1: Schematic setup of theu2probe beam. A part of the streched main pulse is re-
compressed and frequency-doubled before the two pulseddfuental and second harmonic) are
guided into the vacuum chamber where they pass the target thte main pulse arrives on the
front side. The relative timing between main and probe pidsadjusted using the delay line.
Behind the chamber, the two pulses first pass a Wollastommixl a polariser to obtain interfer-
ograms of the interaction area, and finally they are sepdista dichroic mirror and interference
filters to be detected by two CCD-cameras.

area on the target front side. This interaction area is imdnea f /4—lens onto two
CCD-cameras that are separated by a dichroic mirror thaictsfRo-light and transmits
lwrlight. Furthermore, each CCD is equipped with an interfeeefilter either for do- or
2w-light. Therefore, each CCD only records shapshots of tigetdoacklighted by one of
the two probe beams.

Behind the imaging lens, the two beams pass a Wollaston aisna polariser that
enables us to obtain interferometric sideviews of the adon area of both pulses. This
will be described in section A.3. During the generation a&f fecond harmonic and the
passage through the first 20-mm thick BK7-window of the vacuarget chamber, the
two pulses are separated in time. This will be describedeémtxt section.
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A.2 Generation of two fs-Probe Beams Separated by Several ps

When the pulse with the fundamental wave length of 790 nmegsagsough the type-1
KDP crystal, a second-harmonic pulse with 395-nm wave leigygenerated. Its plane
of polarisation is rotated by 90with respect to the fundamental. Before the two pulses
can pass the target, they have to propagate through a 20-icknwtimdow of BK7 glass.
During their passage through the glass both pulses ardlglgihetched and temporally
separated due to the dispersion of the group velocitiessilimate the delayit, between
the two pulses the Sellmeier equation is used to calculatestinactive indexn (w):

E
”(“’):\/H;A“'W’ (A1)

using the following tabulated values from Schott [129]:

A; =1.0396100  «? =5.912883x 10°? 3_2,

Ap=0.2317923 2 = 1.772484x 1025 2,

As=1.0104694 2 =3.426150x 10285 °.
With this dispersion of the refractive index, the strechamgl the temporal separation of
the two pulses can be calculated. The increase of the ipttiige durationt (0), during

the passage through BK7 glass of thicknedsr each of the two different wave lengths
and frequencies is given by

2 . 2
TL(X) =1.(0) - \/1+ [r‘g?o? .xaaW <oo nc(w)ﬂ . (A.2)

This leads to a relative increase of the pulse durations X8foXfor 790nm and of 6%
for 395nm, what will be neglected. However, the delay betwéne two pulses is not
negligible. It can be described by the dispersion of the gnalocity,

c
Vgr(A) = —————~~. (A.3)
o A
The delayAt, between the two pulses after passing through BK7 glaggef=20mm
thickness is then

1 1
At = Xgk7 <Vgr()\1) — Vgr(}\2)> =3.95ps (A.4)

Furthermore, during thev2generation in the KDP-crystal, the fundamental and second
harmonic are separated due to their different group védscin the crystal, what can be
described by a similar Sellmeier equation for KDP. For atedythickness of 2mm, the
790-nm pulse retains its initial durationof, =~ 130fs, the 395-nm pulse hag, ~ 160fs
what is due to the different group velocities of the two wasedths. After the passage
through the crystal, the red pulse leads the blue one 1§0fs.

Adding this initial delay of 160fs from the process of frequg doubling, one finally
obtains two pulses of 790-nm and 395-nm wave length -ah80-fs duration that both
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pass the interaction area on the target the vacuum chambened pulse leads the blue
one by

At =4.1ps (A.5)

A.3 Interferometry Using a Wollaston-Prism

A Wollaston prism is a polarising beam splitter [97]. It ctmts of two birefringent wedges
(usually calcite or quartz) put together to form a plane fpelrplate. The optic axes of
the two wedges are both perpedicular to the front-side nloamé perpendicular to each
other. Any linearly polarised light ray incident onto the Mlston prism can be described
by a superposition of two linearly polarised rays, wheraegitof them is the ordinary
ray (o-ray) in one wedge and the extra-ordinary raydy) in the other wedge of the
Wollaston prism. At the plane of separation between the twdges, the one part of the
incident ray is deflected to one direction, the other ray ffedted to the other direction
by approximately the same angle. After leaving the secomtbe/ethe two beams have a
separation angla ~ 2(n, — ne) - tany [130], as it is sketched in Fig. A.2. The separation

imaging Wollaston polariser

lens prism

N t
probe m— % Fl
beam X g

: i/
\ 4 : ®
b ! p'

Figure A.2: Sketch of a setup that uses a Wollaston prism for interfetgmehe incoming probe
beam is polarised in a plane tilted by°4% the drawing plane and passes the target interaction
area and an imaging lens. The Wollaston prism angularlyraggmthe two parts of the incoming
beam with different polarisation (one in the drawing plaowee perpendicular). The polariser, that
is again rotated by 45allows interference between these two parts. In the oppita region, the
upper part of the incoming beam that has passed the plasnitedarget front surface, overlaps
with the lower part, that has seen no plasma on its way. Theepddthe CCD is rotated by 90

for better illustration.

angle,a, depends on the wedge angfeand the difference of the refractive indices for an
o- and ande-ray, (nNo — Ne), Which in turn depends on the wave length and on the wedge
material. For garallel beam of diameted that consists of both polarisations and enters
the Wollaston prism, the two differently polarised partd s completely separated after
the distancel/[2sin(a/2)] ~ d/a. However, for adivergingbeam with an opening angle

B, as itis sketched in Fig. A.2, there is always a region, wkieeewo parts overlap, when
B>a.

The two separated beams have perpendicular polarisatimhshas cannot interfere
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in the first place. When a polariser rotated by 4#th respect to both polarisations is
inserted behind the Wollaston prism, the polariser redtivesntensities of both beams
by a factor of 2, but they have parallel polarisations afteds and can interfere in the
overlapping region. As the upper part of the incoming beaprlaps with the lower part,
a good spatial coherence over the whole beam is requiredt&inobterferencé. The
distance of the interference fringesin the plane of the CCD is given by [127]

P

~ (A.6)

and depends on the position of the Wollaston prism betweerfdtal spot,F, of the
imaging lens and the plane of the CCD.

A setup sketched in Fig. A.2 can be used for interferometeysma, if the following
requirements are met:

e The incoming beam has to have a good spatial coherence, svhstially satisfied
for short-pulse lasers having inherently high spatial cehee over the beam.

e To be able to deduce the electron-density distribution floeninterference pattern
in the overlapping region by Abel-inversion [131, 132] whéilt be described in the
next section, the one part of the probe beam has to pass thmaaleegion, while
the other part has to pass vacuum regions only that one shiairlapping of a
disturbed and a completely undisturbed beam.

Therefore the beam diameter has to be be sufficiently larg®wer plasma regions as
well as undisturbed vacuum regions and the spatial sepatagitween the two differently

polarised beams, that depends on the image magnificatiotharsgparation angle of the
Wollaston prism, has to be large enough. In the setup useq ther probe beam diameter
was 11 mm and the separation of the two images of the interaatiea was equivalent to
~ 1.5mm in the plane of the target, what is smaller than the psepdaextension as it was
simulated by MILTI (see below).

A.4 Preplasma Generation Using a Synchronised Nd:Glass
Laser

The 2o—probe beam described in the last two sections was used tp ftegreplasma
evolution driven by a synchronised frequency-doubled Nak&laser that delivered pulses
of 3-ns duration and 12-J of energy at a wave length of 532 rimis 8xternal prepulse was
focused to a spot of 20@m diameter onto thin plastic or metal foils having an avedage
intensity of 183W /cn. This prepulse was capable of producing a long-scale lgorgth
plasma extending over several 100’s of micrometers on tgettéront side. Into this pre-
plasma, the synchronised CPA-laser pulse fromaf%s was focused producing a plasma

1This situation is different to a Mach-Zehnder interferoengivhere after splitting and recombination of the
beam the same spatial parts overlap again.
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channel that also extended over several 100’s of microseférst, concentrate on the
preplasma evolution and its characterisation are destribkile the channel formation is
discussed in section A.5.

Fig. A.3 (a) shows a typical interferometric image from theptasma obtained by
backlighting the interaction region from the side with the-Zrobe beam. Fig. A.3 (b)
gives the electron-density distribution deduced from thisrferometric picture. As the
probe-beam duration of 160fs was much shorter than the time scale of the preplasma
evolution, we obtain a snap shot of the plasma at the timerdéated by the delay between
Nd:Glass-laser pulse and probe pulse.

/|

(b)

Figure A.3: 2w—interferogram (a) of a preplasma produced by a Nd:Glass-fasse impinging
on a polypropylen foil from the left and the deduced electdensity distribution (b) in units of
ne=1.79x 10?1cm~3. The bending of interference fringes to the left indicateskctron density
ne > 0. The CPA main pulse coming from the left is not seen in therfatogram, as the probe
beam was earlier by 300fs. However, the bright spot in the middle of the inteacarea is due
to 2w—self emission of the plasma. The electron density distidougiven in (b) corresponds to
the part of (a) indicated by the red box.

Deduction of the Electron-Density Distribution by Abel-In version

When a light ray with wave length_ propagates through a cylindrically symmetric
electron densityne(r), with a minimal distanceyy from the axis of symmetn0, as it is
sketched in Fig. A.4, its phasé(yo), differs to that of a ray propagating an equivalent
distance through vacuum by

X2 X2

2n

8000 = @) = 5 [ [1-n()ax= I [ neboox

X1 X1
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o(¥o)

Figure A.4:  Sketch for
the deduction of the ra-
dial electron distribution,
ne(r), from the phase shift
distribution, ¢(y), that is
obtained from an interfer-
ogram as in Fig. A.3 (a).

R
_ 2 / ne(0)_ g (A7)

wheren(r) = \/1—ne(r)/ne = 1—ne(r)/2n is the refractive index at distancefrom
the centerO of the electron distribution. An Abel inversion [131, 134]this equation
leads to

R

Ne(r) = 5 .
™ ) dy \/y2—r2

(A.8)

The phase shiftp(y), can be deduced from the fringe shift in the interferograrnese
considerations are valid as long as the fringe shift cauyeal dieflection of the ray due
to the plasma density gradient are small compared to theeptiffierence caused by the
propagation through the electron density [133].

The electron density distribution as it is shown in Fig. Ab3 yas deduced from the
interferograms by M. . K. Santala using the program IDEATl&nd thef —interpolation
method [132]. The electron density on the axis of symmetrghefdistribution was then
compared to simulations carried out withuri [114] simulating the preplasma evolution
with the same parameters as in the experiment. Here, thg detaveen Nd:Glass-laser
pulse and probe pulse was = 1.9ns. The result is shown in Fig. A.5, where a good
agreement between experiment and simulations is found.pié¢m@asma-scale length is
Lp = 110pm.

A.5 Channel Formation in the Preformed Plasma

Finally, the two probe beams were used to study the formatianplasma channel gen-
erated by relativistic self-focusing of laser light in theformed plasma.
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A.5.1 Plasma Channels in Self-Emission

Fig. A.6 shows two images of the same plasma channel recatdadb different wave

lengths (790nm in (a) and 395nm in (b)) without probe beaniecttdns in the plasma
channel scatter laser light sideways via linear and nogalirThomson scattering, the in-
tensity of the side-scattered light depends on the local iasensity. The plasma channel

(b)

Figure A.6: Images of a relativistic plasma channel generated by fagukie high-intensity laser
pulse of ArLAs 10 into the preformed plasma. The two images of self-emlitgd are recorded
at 790nm (a) and 395nm. The plasma channel extends over hrametOQum, the initial target

front surface is indicated by the vertical dashed line.

extends over a length of more than 4@0. This is 8-times the confocal parameter of
the vacuum focus, which is %n (see chapter 3). This is comparable to results obtained
in [10], where electrons were acclerated in a gas jet. Furtbee, the electron energy
spectra measured with a 45-channel electron spectroni4} dlso exhibit an exponen-
tial decay with a effective temperature between 2 and 5Me\fs most likely that the
electrons are accelerated in the channel via the mecharfighineat laser acceleration
(DLA), that was described in chapter 2.2.2.
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A.5.2 Interferometrical Pictures of Plasma Channels

In the last section the plasma channels could be observéwlyself-emitted light, which
was recorded over the whole exposure time of the CCD-camariah is of the order of
several milliseconds. Therefore, the recorded imagesimeintegrated, as the chan-
nel evolves on a sub-ps time scale. However, using the twohsgnised probe beams
each having a pulse duration ©f150fs allows nearly time-resolved images of the rapid
expansion of the plasma channel.

Due to the ponderomotive force of the laser, electrons atialip expelled from the
channel leaving behind a region of reduced electron dewositthe axis of the channel.
Furthermore, a shock front, in which the local electron dgnsncreases, propagates
radially outwards from the channel axis. Both effects, #uction of electron density
in the center of the channel and the fast propagating shack forming a cylindrical
shell around the central axis, where the local electronitieisshigher, can be seen in the
interferograms. Fig. A.7 shows two interferograms of theptasma and the channeling

(a) Interferogram with 790-nm probe beam (b) Interferogram with 395-nm probe beam

Figure A.7: Interferograms taken during the same laser shot with twierdiftly-coloured probe
beams. The 790-nm beam (a) passes the interaction aredy dfefdre the arrival of the main
pulse in the preplasma, the 395-nm beam (b) shortly aftemtia pulse. Therefore, the channel-
induced density modulations in the preplasma are visib{b)itout not in (a).

region of the same laser shot. While the iterferogram in &g generated with the 790-nm
pulse, what is indicated by the red background colour, tterfierogram in (b) was taken
with the blue 395-nm pulse. Depending on the intensity riagitween the light from the
channel self-emission and the backlighting probe beamselfeemission is still visible
as in (a) or suppressed as in (b). In (b), only the strong éomidsom the laser pulse
impinging on the overcritical plasma layer is seen as anexymrsed spot, while in (a) the
self emission of the channel can clearly be distinguished.

However, the imprint of the channel on the electron densigy, a distortion of the
interference fringes that correspond to the electron tienéithe preplasma, can only be
seen in the right picture. To estimate the delay betweemith@tobe pulses, pictures were
taken with different delays between the main pulse and tlepmebe beams. Starting



128 Appendix A Setup of a Synchronised Probe Beam

from a certain delay setting, where no channel fringes cbaldbserved in both pictures,
the delay was increased in steps dffis, first observing the appearance of channel fringes
in the 395-nm picture as shown in Fig. A.7 and then in bothupég. The upper limit for
the delay between the two probe beams was found to be 6 ps vehible total delay
between the two delay settings, where either channel eremte was observed in none
or in both of the pictures. The lower limit was 3ps. This is od agreement with the
estimation ofAt = 4.1ps from the group-velocity dispersion carried out in SBT#.2.
These measurements show for the first time the generatiomegblasma channel with

a time resolution of a few ps for one single laser shot. The tilelay between the two
pulses estimated from the measurements agrees well withxgiected value.

Finally, the expansion of the plasma channel was measuradsaries of shots with

(e) At =+1.3ps (f) At =+12.0ps

Figure A.8: Series of interferograms with different delays between ¢&%r pulse and
2w—probe pulse. Picture (a) was taken with the prepulse ladgr on

different delays, here using only the pictures obtainedh Wit 20—probe beam, as it is
shown in Fig. A.8.
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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.

108 to 2 X 10 W/ecm? without any penalty in recompression fidelity.

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 WFAs 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 ny 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 to 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

We demonstrate that with this scheme the focusability of the ATLAS pulses can be improved from

© 2002 Optical Society of America

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
1.3 J at the compressor entrance, the peak fluence
reaches 0.3 J/cm? on the first grating, far beyond its
damage threshold of 0.15 J/cm?. 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, closed loop,
and three target chambers (TCH5—-TCH?7). The TiS crys-
tal of 40-mm outer diameter is pumped from two sides.
The TiS pulse provided by the front end passes through
the crystal four times and is thereby amplified from 0.3 to
1.5 J. The pulse then runs through spatial filter SF2, and
the pulse diameter increases 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 1.3 J as before, the peak fluence of the
smoothed profile is then reduced to 90 mJ/cm? 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 generate 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 chirped pulse whose
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 tolerable
without too high a loss in beam quality, 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.

From measurements, we find that the recompres-
sion fidelity in terms of pulse duration and contrast
is hardly affected as long as any local radius 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.
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The originally spherically convergent beam turns
astigmatic when it leaves the compressor, leading to
the occurrence of two focal lines instead of a single
point focus because the beam behaves differently
in the dispersion and nondispersion planes of the
compressor. With R = m, the compressor-induced
astigmatism turns out to be weak and is hence easily
correctable with DM2, since the necessary displace-
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 still
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 parallel for the spec-
tral component near Ay but divergent for the compo-
nents with A < Ag 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 4AApwmm
lie within the Rayleigh length of the spectral beam
component at Ay. For the ATLAS, this criterion re-
quires R > 15 m, which is met. The theoretical analy-
sis reveals that R « AAgwam. Very short pulses with
AAwram = 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 mJ/cm?. The double-peak pattern is
due to the coarse two-half structure of the WFAs shown
in Fig. 3. Right, DM1 is optimized; peak fluence reduced
to 90 mJ/cm?. The remaining fluence modulation arises
from the fine structure of the WFAs (Fig. 3). The very
high spatial frequencies, which carry little energy, are lost
on propagation through the spatial filter SF2 (Fig. 1).

140 pix

Fig. 3. WFAs that are due to growth defects in the final
disk amplifier of 40-mm diameter, 17-mm thickness, and
al = 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 WF 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 10\ 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
WF 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
DM?2 is locked to operation for minimal WFA, we find

OPTICS LETTERS / Vol. 27, No. 17 / September 1, 2002

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 ~108 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 wultrashort laser pulses from simultaneously
present heavy phase and amplitude modulations
without any penalty in recompression fidelity and
focusability.

This work was supported by the Commission of the
European Union (EU) within the framework of the
Association Euratom-—Max-Planck-Institut fiir Plas-
maphysik and the EU project ADAPTOOL (contract
HPRI-CT-1999-50012). K. Witte’s e-mail address is
klaus.witte@mpq.mpg.de.
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We investigate the influence of the laser prepulse due to amplified spontaneous emission on the
acceleration of protons in thin-foil experiments. We show that changing the prepulse duration has a
profound effect on the maximum proton energy. We find an optimal value for the target thickness, which
strongly depends on the prepulse duration. At this optimal thickness, the rear side acceleration process
leads to the highest proton energies, while this mechanism is rendered ineffective for thinner targets
due to a prepulse-induced plasma formation at the rear side. In this case, the protons are primarily
accelerated by the front side mechanism leading to lower cutoff energies.

DOI: 10.1103/PhysRevLett.93.045003

Proton and ion acceleration using high-intensity lasers
is a field of rapidly growing interest. For possible appli-
cations of proton beams produced in laser-solid inter-
actions like the imaging of electromagnetic fields in
overdense plasmas [1] and the envisaged usage of proton
beams in the fast-ignitor scenario [2], the generation of
beams with controllable parameters such as energy spec-
trum, brightness, and spatial profile is crucial. Hence, for
the reliable generation of proton beams, the physics under-
lying the acceleration processes has to be well understood.
After the first proof-of-principle experiments [3—6], sys-
tematical studies were carried out to examine the influ-
ence of target material and thickness [7-9]. To establish
the influence of the main laser parameters such as inten-
sity, pulse energy, and duration over a wide range, results
from different laser systems have to be compared, since
usually each system covers a small parameter range only.
Besides these parameters, strength and duration of the
prepulse due to amplified spontaneous emission (ASE)
play an important role, too [7], but until now a detailed
investigation has not yet been carried out.

In most experiments, protons with energies exceeding
1 MeV have been observed. They originate from water
and hydrocarbon molecules adsorbed at the target sur-
faces due to the unavoidable presence of water and pump
oil vapor in the target chamber. The origin of the most
energetic protons is still debated. There are at least two
acceleration scenarios able to explain the occurrence of
MeV protons. (i) They may come from the front surface of
the target, i.e., the side irradiated by the laser pulse
[3,4,10] or (ii) from the rear surface [5,11,12]. Recent
results indicate that both mechanisms act simultaneously
[13,14], in accordance with the predictions of multidi-
mensional particle-in-cell (PIC) codes [15,16].

In this Letter, we report on experiments performed to
investigate the effect both of the ASE prepulse duration
and the target thickness on the acceleration of protons.
The proton cutoff energy depends very sensitively on the
combination of these two parameters. For a fixed prepulse
duration, the highest proton energies are obtained at an
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optimal target thickness, which in turn is determined by
the ASE prepulse duration. The results can be consistently
interpreted if one assumes that above this thickness, the
fastest protons are accelerated at the target rear side,
while for thinner targets this mechanism is rendered
ineffective and only the front side acceleration is active,
resulting in lower proton cutoff energies. Furthermore,
our results allow a comparison of the experimental results
obtained with different laser systems.

The experiments were carried out with the ATLAS
laser system at the Max-Planck-Institut fiir Quanten-
optik. It consists of a MIRA oscillator delivering 100-fs
pulses of 790-nm wavelength. The pulses are stretched to
160 ps followed by a regenerative amplifier (RA), two
multipass amplifiers, and a grating compressor. The output
pulses have a duration of 7 = 150 fs (FWHM) with an
on-target energy, E;, between 600 and 850 mJ. The
p-polarized beam is focused under 30° incident angle
by a f/2.5 off-axis parabolic mirror onto Al foils of
0.75 to 86-um thickness. About 60% of the pulse energy
is contained in a spot of ry =~ 2.5 pm radius, resulting in
an averaged intensity, I,, slightly above 10" W/cm?
within this spot. The high-intensity part of the pulse is
preceded by a 6-ns long low-intensity pedestal due to
ASE mainly generated in the RA. The prepulse duration
can be controlled by means of an ultrafast Pockels cell
located after the RA with a top-hat-like temporal gate of
6-ns duration. The rise time of the leading edge is 300 ps
and the gate jitter is 150 ps. By changing the position of
the gate relative to the main pulse, the pedestal is either
fully or partially transmitted or almost fully suppressed
to a minimum prepulse duration of (500 = 150) ps. The
intensity ratio between main and prepulse is better than
2 X 107 and the increase of the intensity above the ped-
estal level, as measured by a third-order autocorrelator
[17], starts 11 ps before the peak intensity.

Two different proton detectors were used. Pieces of
CR 39 were placed 82 mm behind the target to record
the spatial profile of the proton beam. Covering a half-
opening angle of ~20°, they were wrapped with a 12-um
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Al foil to filter out heavier ions and protons with ener-
gies below 900 keV. Through a small hole around the
target normal direction, ions could pass to be detected
by a Thomson parabola. In such a spectrometer, ions with
different charge-to-mass ratios are dispersed by paral-
lel electric and magnetic fields onto distinct parabola
tracks in the plane of the detector (CR 39). After etch-
ing the CR 39, the ion pits were counted under a
computer-controlled microscope, revealing the exact en-
ergy spectra.

We have performed several series of measurements,
varying the ASE duration, 7,gg, the laser intensity, I,
and the target thickness. Figure 1 shows the measured
proton cutoff energies versus the target thickness for I; =
1.0 X 10" W/cm? and ASE durations of 0.5, 0.7, and
2.5 ns, respectively. For each duration we find that with
increasing target thickness the cutoff energy first in-
creases and then drops again. The highest proton energies
are achieved at an optimal target thickness. When the
prepulse duration is changed, this optimal value changes
correspondingly, as it is shown in the inset. For thicker
targets, the prepulse duration appears to have no effect on
the proton cutoff energies, whereas for thinner targets and
longer T5sg the cutoff energies are reduced.

To check the influence of the laser intensity, we have
performed shots with constant prepulse duration of 2.5 ns
but slightly different laser intensities by changing the
laser energy (Fig. 2). While the proton cutoff energies
strongly depend on /;, the optimal thickness appears to
depend on the prepulse duration only (cf. Fig. 1).

The proton spectra around the optimal target thickness
measured with an intensity of 1.3 X 10! W/cm? and a
prepulse duration of 2.5 ns are plotted in Fig. 3. In addi-
tion to the rather cold proton component dominating the
spectrum of the 2-um foil with a Boltzmann-like tem-

=)

Voert™ 3.6 pm/ns

L 7~ 1.0x10" W/em®

o~

opt. thickness [um]
n

1 2 3
prepulse duration [ns]

proton cutoff energy [MeV]
[\S)

1 10 100
target thickness [um]

FIG. 1 (color). Proton cutoff energies for differently thick
targets and prepulse durations, 7,gg, of 0.5, 0.7, and 2.5 ns,
respectively, at I, = 1.0 X 10" W/cm?. For longer Tagg, the
maximum proton energies are achieved with thicker foils. The
inset gives the optimal thickness, depending on Txgg.
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perature of 250 * 30 keV, a population with a signifi-
cantly higher temperature of 800 = 200keV and
4.0 £ 0.6 MeV appears in the 5 and 8.5-um foil spectra,
respectively. The temperatures of the hottest proton com-
ponent, given in the inset, exhibit a similar behavior as
the cutoff energies, i.e., the proton temperature drastically
decreases below the optimal target thickness.

The spatial profiles of the proton beam also change
around the optimal thickness. Figures 4(a)—4(c) show the
proton beam profiles obtained with targets 2, 5, and
8.5 um thick. While the first profile is rather blurred, a
collimated feature aligned along the target normal ap-
pears in Figs. 4(b) and 4(c), persisting for all thicker
targets.

The significant changes in proton spectra and beam
profiles described above can be interpreted as a transition
between two regimes delimited by the optimal thickness:
(1) Only the front side acceleration is active for targets
thinner than the optimal thickness and (ii) protons are
accelerated from both target surfaces for target thick-
nesses above the optimal value. In this second regime,
the rear side acceleration leads to higher cutoff energies.
This mechanism is suppressed in the first regime due to
the formation of an ASE-induced density gradient at the
rear side of the target.

On the target front side, the high-intensity part of the
laser pulse interacts with a plasma created by the ASE
prepulse. Electrons are expelled from high-intensity re-
gions by the ponderomotive potential of the laser, ¢, =
m,c*(7yss — 1), until it is balanced by the electrostatic
potential arising from the charge separation. Here, y,, =

\/1 + 1;A2/(1.37 X 10" Wem™2 um?) is the relativistic
factor, m, the rest mass of the plasma electrons. Sentoku

et al. showed [18] that protons can initially gain kinetic
energies approaching this potential, when the laser pulse

Tygp = 2518

= /~1.0x10" W/em®

A 7~13x10" Wem’

= /~15x10" W/em®
1

1 10
target thickness [um]

proton cutoff energy [MeV]
[\S]

FIG. 2 (color). Proton cutoff energies for differently thick
targets and different laser intensities for a prepulse duration
of 7psg = 2.5ns. The cutoff energies vary with the laser
intensity, but the optimal target thickness depends on 7Tsg
only (cf. Fig. 1).
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FIG. 3 (color). Proton spectra at I, = 1.3 X 10" W/cm? for
Tasg = 2.5 ns and 2, 5, and 8.5 um thick foils. With increasing
target thickness, a second hotter proton population with much
higher cutoff energies appears. The inset gives the temperatures
of the hot proton component for all measured thicknesses. A
similar behavior is observed for all different 7g.

is longer than the acceleration time 7, = A;/c X

m,/m,yo, where m, is the proton mass. For our
conditions, we have 7, = 70 fs, which is shorter than
our pulse duration, and ¢ » varies between 0.72 and
0.92 MeV, depending on I;. During the acceleration, a
sharp proton front is formed, that expands afterwards
due to an electrostatic repulsion within this front, addi-
tionally increasing the peak proton velocity by 50% [18],
and thus resulting in cutoff energies of 1.5% X o, =
1.6...2.1 MeV for protons accelerated at the front side
of the target.

The target normal sheath acceleration (TNSA) mecha-
nism is responsible for proton acceleration from the target
rear side [15]. At the front side, a fraction of = 25% of
the laser energy is converted into fast electrons having a
mean energy of kzT, = m,c*(yos — 1) [19], resulting in a
total number N, = nE; /kgT, of hot electrons that propa-
gate through the target. Arriving at the rear side, only a
small fraction of the fastest electrons can escape, while
the target charges up. Most of the electrons are held back

FIG. 4. Proton beam profiles for 7ogg = 2.5 ns recorded on
CR 39 for 2, 5, and 8.5 um thick targets, respectively. While in
(a) the profile is blurred, we observe in (b) and (c) that the
major part of the beam is well collimated along the target
normal direction. This collimated feature appears only for
targets at and above the optimal thickness. The circles in (a)
give half-opening angles of 5°, 10°, and 15°, respectively.
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by the arising electic field and form a sheath at the rear
side with a Debye length of A, = \/gokzT,/n.e*. This
field ionizes atoms at the rear surface and accelerates
them in target normal direction. Mora described the
acceleration process with 1D simulations [20]. Here, the
target consists of preionized hydrogen. The electrons,
having a mean energy of kg7, during the laser pulse
duration, are assumed to be in thermal equilibrium with
the electrostatic potential ® at the target rear side, i.e.,
n, = n, X exp(e®/kzT,). On the other hand, ® can
be obtained from the Poisson equation gy0?®/dx*> =
e(n, — n,), taking into account the electron and proton
densities. Initially, the proton density, n,,, is steplike with
n, = ng in the target. By iteratively solving the equation
of motion and the continuity equation for the protons,
their new density in the next time step is obtained, lead-
ing to a new potential and electric field. As the field is
always peaked at the proton front, the fastest protons are
also located there. Mora also found an analytical expres-
sion for the evolution of the maximum proton energy, E,,,
as a function of the interaction time, ¢;, depending only on
the electron temperature, 7,, and the initial electron
density, n,:

E, ~ 2kyT, 1n| %22 ¢ 1+(’iw"”)2 " )
4 ¢ \/26E \/ZEE

Wpp = 4 /neoez/somp is the proton plasma frequency, that
dependson n,y, and ey = 2.71828....We assume t; = 7,
the same electron numbers and temperatures on both
target surfaces, and a constant divergence of the electron
beam propagating through the target. The hot electron
density at the rear side, n,y, is estimated as follows.
Accelerated in the laser focus with an initial radius of
rg = 2.5 pm and a half-opening angle of 6;,, the electron
beam travels through an effective target thickness of
df = d,/ cos30° and leaves it within an area of 7(r; +
d; tan@;,)%>. Assuming an electron bunch length of c7,,
the averaged electron density at the rear side is

~ N"'
ety X w(ry + d tan6;,)*

(€3

Neo

The peak proton energies for differently thick tar-
gets calculated with Egs. (1) and (2) are compared in
Fig. 5 with the experimental results for I, = 1.3 X
10" W/cm? and 7ogg = 2.5ns. The cutoff energies for
targets optimally thick and thicker are well described
by this model for an initial half-opening angle of 6;, =
(8 £ 2)°, which is comparable to the value found in [21].
For the same 6;,, this model describes also well the results
from Fig. 1, when the reduced laser intensity is taken into
account.

The cutoff energies for thinner targets cannot be ex-
plained by the TNSA mechanism assuming a steplike
density gradient at the rear side. Because of the ASE
prepulse, a plasma is formed at the target rear surface,
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4+ experiment, Ep from rear side
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3L e 25ms different 6
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FIG. 5 (color). Comparison of experimental data for 75gg =
2.5nsand I; = 1.3 X 10! W/cm? with theoretical predictions.
The dotted line gives the cutoff energy for front side accel-
erated protons including their stopping in the target, while the
broad area gives the maximum rear side proton energies for a
range of opening angles 6;, = (8 % 2)° of the electron beam.

reducing the acceleration fields [12,19]. We investigated
the evolution of this rear side density gradient using the
1D-hydro code MULTI-FS [22]. A simulation for the rear
side proton acceleration as described above, that starts
with the same rear side density gradient as predicted by
MULTI-FS, gives much lower proton cutoff energies for the
thinnest foils than those observed in the experiment.
Therefore, the rear side acceleration process alone is not
able to explain the measured proton energies for all foil
thicknesses. On the other hand, protons accelerated at the
target front side are not affected by a plasma at the rear
side [12]. The maximum energy for front side protons
predicted by Sentoku et al [18] reproduces the experi-
mental data much better. Their initial energy is deter-
mined by the laser intensity only. The comparison with
this model including proton stopping in the target [23] is
shown in Fig. 5, yielding a good agreement for the
thinnest foils. The increase of the proton cutoff energy
for thin targets due to electron recirculation in the target
[8] could not be observed, because in our experiment the
laser contrast ratio was 500 times lower.

The optimal target thickness is found to depend on the
ASE duration only (cf. Figs. 1 and 2). This dependency
can be approximated linearly with a slope of vy =~
3.6 um/ns (cf. Fig. 1). MULTI-FS simulations show that
(i) the prepulse launches a shock wave into the target and
(ii), the bulk of the target is radiatively heated due to x
rays generated in the focus of the prepulse on the target
front side. Both effects can cause an expansion of the
target. While the shock wave is weak for our prepulse
conditions, the radiative heating is sufficiently strong to
form a rear side density gradient for the thinnest foils. In
contrast, due to the absorption of radiation in the bulk of
the target, the formation of a rear side density gradient
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sets in at later times for thicker targets. The onset of this
plasma formation as observed in MULTI-FS simulations
defines the optimal thickness for proton acceleration. The
simulation results reproduce the experimentally found
value of 3.6 um/ns. Although slightly dependent on the
ASE intensity, which could not be varied during the
experiment, this value can be used to estimate the effect
of the prepulse in various laser systems, each having a
fixed prepulse duration, on the rear side ion acceleration
[9].

In conclusion, we demonstrated a strong influence of
the ASE prepulse on the laser-initiated acceleration of
protons. An optimal target thickness for the proton ac-
celeration was found. This optimal value depends linearly
on the ASE duration and it is determined by a prepulse-
induced formation of an ion-density gradient at the rear
side of the target. Furthermore, we were able to distin-
guish between the two main proton acceleration mecha-
nisms, the fastest protons are accelerated from the rear
side of the target having the optimal thickness. Analy-
tical estimates support this interpretation. The determi-
nation of the optimal target thickness allows a better
comparison between existing experimental results and
can help to optimize the conditions for proton accelera-
tion for a large range of laser systems in the future.

We thank S. Karsch and P. Mora for fruitful discussions
and H. Haas and A. Boswald for the technical support.
This work was supported by Euratom-IPP and the EU
project SHARP (Contract No. HPRI-CT-2001-50012).
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