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Abstract

The research presented in this thesis is primarily focused on experimental investigations
of laser-driven ion acceleration from solid targets via the target normal sheath acceleration
mechanism. In particular, ways of optimizing the absorption of the laser pulse energy by
free plasma electrons in the target, ormodifying the shape of the accelerating electron sheath
were addressed. The aim of this work was to increase the efficiency, and maximum proton
energy that could be obtained with a given laser system, and to reduce the divergence of
the beams of accelerated protons.

The shape of the electrostatic sheath was indirectly influenced by using laser microma-
chining to modify the front surface of the target, on which the laser pulse is incident.
The absorption of the laser pulse was enhanced by either placing nanostructures, such as
nanowires, foams, or nanoholes, on the front side of the foil target, or by manipulating
the temporal profile of the ultrafast part of the laser pulse before its interaction with an
ultrathin target.

Such studies require precise control and characterization of the laser pulse driving the ac-
celeration. It is especially important to ensure the survival of the target before the arrival
of the main laser pulse by using a laser pulse with very high temporal contrast. A double
plasma mirror (DPM) was designed and implemented for this purpose. Design consider-
ations and the optimization of the performance of the DPM, which is now used routinely
at the Lund High-Power Laser Facility during laser–solid interaction studies, are discussed.
This discussion is centered on the laser pulse fluence (and consequently peak intensity) on
the reflective substrates of the DPM, and its effects on the spectral and spatial properties of
the temporally cleaned laser pulse.

Sufficiently high temporal contrast was achieved, and an increase was seen in the maximum
proton kinetic energy when using targets with nanowire and foam structures on the surface.
The temporal contrast was also found to be sufficient for efficient ion acceleration from
ultrathin targets with a thickness down to 10 nm.

When an ultrafast laser pulse interacts with an ultrathin foil, the temporal shape of the
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electric field of the pulse (i.e. the pulse chirp) affects the laser–solid interaction, and a
slightly positively chirped pulse was found to increase the maximum kinetic energy of the
accelerated protons. In order to obtain information on the electric field of the high-intensity
part of the laser pulse, part of the laser beam was intercepted immediately before being
focused onto the target, and characterized by single-shot frequency-resolved optical gating
(FROG) technique.

Laser–solid interactions at very high intensities are known to have shot-to-shot instabilit-
ies, motivating the use of single-shot diagnostics. As part of this work, a comprehensive
range of simultaneous interaction diagnostic tools was implemented. The ion spectra in
the forward direction were recorded using a Thomson parabola spectrometer, and in the
backward direction with a magnetic dipole spectrometer. The intensities of the reflected
and transmitted fractions of the laser pulse were also recorded on a shot-to-shot basis. In
addition, a proton spatial profile monitor could be inserted to spatially characterize the
proton bunch accelerated in the forward direction.
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Popular Scientific Summary

Fast-moving charged particles, such as protons or other ions, are used in many applica-
tions, both in science and everyday life. Examples include material sciences, to determine
properties of various compounds, particle physics, to study element transmutation, for ra-
diotherapy in tumor treatment, and potentially in the field of fusion energy.

In order to generate these fast-moving particles, particle accelerators are required. Funda-
mentally, all particle accelerators are based on the same principle, – namely transferring the
energy of an electric field into kinetic energy of the charged particles. Thus, the higher the
electric field, the faster the particles can be accelerated.

Conventional proton accelerators that use either electrostatic or radio-frequency fields would
have to be extremely large to achieve high proton energies since the construction materi-
als can only withstand a certain strength of electric field, which can usually not exceed a
hundred million volts (100 MV) per meter.

Advances in laser technology have made it possible to use a very short, tightly focused laser
pulse (almost a millionth of billionth of a second long, or a few tens of femtoseconds) to
generate electric fields that are at least a thousand times stronger. One example of such a
laser is the Terawatt Laser at the Lund High-Power Laser Facility that was used for the work
presented in this thesis.

But how can one transfer the electric field energy from a laser pulse to the kinetic energy
of the protons? It is not possible to do that directly. The electric field of the laser changes
its direction hundreds of trillions times a second, and even protons are too heavy to keep
up with such rapid changes. Electrons, however, are light enough to be moved directly by
the laser field and can be used as a mediator to accelerate protons.

At first, the laser is directed onto the front of a thin solid target foil, causing its ionization
and leading to the formation of a plasma. This is a type of ionized matter consisting essen-
tially of a mixture of positive ions and negative electrons, which can sustain those extremely
high electric fields on the timescale of the laser pulse. Since the atoms in a solid are densely
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packed, the resulting plasma also has a high density and partly reflects the laser pulse. The
laser is aligned such that a component of the electric field that points into the target upon
reflection. This component of the electric field is absorbed, transferring some of the energy
of the laser pulse to the electrons, making their kinetic energy high. These high energy
(hot) electrons travel through the target at almost the speed of light, and when they exit the
target from the back they drag and accelerate protons and other positive ions with them,
affording them with high velocities.

The field of laser-driven ion acceleration is still young, and this approach cannot yet be used
to achieve the energies possible with conventional accelerators. Many significant challenges
remain to be overcome such as increasing the speed of the ions and decreasing the spatial
divergence of the ion beam.

The work presented in this thesis is concerned with one of the ways of achieving those goals.
This involved changes in the the way the laser pulse interacts with the front surface of the
target foil, in order to increase the fraction of the laser pulse that is absorbed. This was done
by either changing the properties of the laser pulse itself, or by placing different structures
on the front surface or inside the target inside the interaction region.

It was found that the divergence of the proton beam could be dramatically reduced when
pits were ‘drilled’ in the target using a weaker laser beam. It was also found that growing a
nanoscale structure on the front of the target could trap the laser pulse, resulting in a larger
fraction of the pulse being absorbed. However, it was also found that some nanostruc-
tures did not behave as predicted by theory when investigated under realistic experimental
conditions.

Several changes were made to the laser pulse itself, for example, the contrast of the pulse.
The contrast is the ratio between the peak of the laser pulse and the light ‘pedestal’ preceding
it and originating from the laser system itself. Increasing the contrast makes more electrons
in the target available to absorb the laser light. The shape of the most intense part of the
pulse was also modified. This led to differences in the amount of the laser pulse absorbed,
and thus in the speed of the accelerated protons.
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Chapter 1

Introduction

Moving charged particles have been widely used in scientific applications since the famous
Rutherford experiment, more than a century ago, where alpha particles from a radioactive
source were used, and the first cathode ray tubes. They are used in materials science to char-
acterize and modify the properties of matter that cannot be investigated using techniques
that rely on photons. Some of these applications include studies of the structure and com-
position of solids, using techniques such as electron microscopy and electron diffraction,
or the modification of materials my bombarding them with ions that are either deposited
in the material (ion implantation) or used to precisely remove part of the sample (known
as ion milling).

The applications mentioned above differ considerably, but their common feature is that the
particle kinetic energies at which they operate are moderate. particles with higher kinetic
energy can be used for a manifold of other applications, such as particle-induced X-ray
emission [1], fast ignition in laser-driven nuclear fusion [2], radiation therapy of cancer
tumors [3], all of which drove the development of particle accelerators that emerged in the
middle of the twentieth century.

Particle accelerators convert the energy contained in electric fields into the kinetic energy
of particles. The amount of energy transferred to the particles from the electric field is
proportional to the strength of the field and the length of the acceleration region. In con-
ventional accelerators, the electric field is created by applying high voltages to electrodes
or by using radio-frequency cavities. The maximum strength of the electric fields in such
approaches is limited to fields on the order of tens of MV/m, since stronger fields cause
dielectric breakdown of the materials used for accelerator construction. Therefore, in order
to obtain higher particle energies the length of the accelerator has to be increased, which
increases the cost and complexity of the apparatus. For example, the length of the linear
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proton accelerator at the European Spallation Source in Lund, accelerating protons to 2
GeV, is five hundred meters. Plasmas, on the other hand, can sustain much higher elec-
tric fields for a finite time, which makes them good candidates as a particle acceleration
medium.

Very strong electric fields can now be produced using high-intensity lasers. This has been
made possible by advances in laser technology such as chirped pulse amplification (CPA)
[4], as illustrated in Figure 1.1. In this technique, short pulses (usually a few tens of femto-
seconds) are stretched in time, and these stretched pulses are then amplified. The long
duration of the pulses at this stage allows for strong amplification without reaching an in-
tensity that damages the components of the laser system. Finally, the pulses are compressed
back to their original duration, leading to very high peak power of the laser pulses [5, 6, 7],
and consequently remarkably high intensities when the laser pulses are focused.

Oscillator Stretcher Ampli�er Compressor

Figure 1.1: Schematic illustration of the chirped pulse amplification process.

When such a focused laser pulse interacts with a medium, it almost immediately ionizes it
(see Section 2.1.3), and the major part of the pulse thus interacts with a plasma, as described
in Section 2.2. Depending on the initial density of the medium, the laser can propagate
through the resulting plasma (in the case of an underdense plasma), or be reflected from it
(in an overdense plasma).

If the density is low, the propagating laser pulse can excite longitudinal waves in the plasma
behind the laser pulse, which in turn can be used for electron acceleration. This mechanism
is called laser wakefield acceleration [8, 9], and can produce electron beams, with kinetic
energies of up a few GeV over distances of only a few tens of centimeters [10]. In the case
of a target with a high density, such as a solid, the laser pulse is reflected from the target
while some of the energy is transferred to the electrons forming the overdense plasma. If the
target is sufficiently thin (usually not exceeding a few tens of micrometers), the hot electrons
can form an electrostatic sheath and transfer their kinetic energy to ions, accelerating them
in the direction of the local target normal [11, 12] to energies up to a few tens of MeV,
increasing with the power of the laser system used [13]. One of the highest cut-off energies
reported is approaching 100 MeV [14, 15]. This mechanism is called target-normal sheath
acceleration (see Section 2.3.1), and is the main theme of the work presented in this thesis.

Beams of ions accelerated using TNSA, and protons in particular, have remarkable prop-
erties. Firstly, the accelerated protons form a bunch that has short duration (but is being
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temporally stretched while propagating in vacuum). Proton bunches as short as 6 ps have
been reported [16]. Secondly, although the beams are divergent, they exhibit spectacular
laminarity [17], exceeding that of beams from conventional accelerators. These properties
make TNSA protons very appealing for applications in, for example, time-resolved radio-
graphy [18, 19].

Since the discovery of TNSA over two decades ago, considerable effort has been devoted to
increasing the maximum proton energy and improving the spatial properties of the accel-
erated proton bunches. The properties of the accelerated ions depend strongly on the en-
ergetic and spatial properties of the electron sheath, accelerating them. This thesis presents
experimental studies of TNSA, the main goal of which was to enhance the properties of the
accelerated protons by either increasing the amount of energy transferred from the laser to
the electrons (i.e. absorption enhancement) by introducing nanometer-scale structures on
the front surface of the target (Papers II – III) or by chirping the laser pulse incident on
an ultrathin target (10 nm). Paper IV). Paper I discusses restructuring of the target surface
(laser micromachining) to reduce the divergence of the ion beam.

The theory of ultrafast laser pulses, plasmas, and their interaction is introduced briefly in
Chapter 2. This chapter also explains the basics of laser pulse absorption in an overdense
plasma, and includes an overview of the TNSAmechanism and the influence of the electron
sheath on the spatial properties of the accelerated protons.

The experimental studies described in Papers II – IV rely on precise control of the temporal
properties of the laser pulse to ensure the survival of the target until the arrival of the main
(the most intense) part of the laser pulse. Chapter 3 provides a description of the methods
and equipment used to characterize and manipulate the temporal profile of laser pulses,
such as the temporal contrast and the chirp of the intense ultrafast pulse.

In order to characterize the interaction of the laser pulse with the overdense target, dia-
gnostic tools are needed, including proton and ion spectrometers, spatial profilers, and
laser pulse reflectivity measurement devices. Chapter 4 describes the principal components
of the interaction diagnostic tools that were routinely used in the studies described in this
work. Emphasis is placed on the ion spectrometer, known as the Thomson parabola spec-
trometer, which was designed, constructed and implemented by the author as part of this
work.

Chapter 5 is devoted to the experimental results and provides an overview of the studies
presented in detail in the papers. The results of two unpublished studies on targets with
front surface structures, such as black silicon and foam targets, are also presented. Finally,
Chapter 6 presents the conclusions of this work and together with an outlook on potential
developments in the field of laser-driven ion acceleration.
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Chapter 3

Laser Pulse Characterization and
Control

A powerful laser system is needed to obtain extremely high electric fields interacting with a
solid target. The laser system used in this work is the Lund Multi-Terawatt Laser System,
very schematically illustrated in Figure 3.1. The laser chain is a typical CPA system, starting
with a Ti:Sapphire oscillator delivering 30 fs laser pulses at a repetition rate of 80 MHz.
Pulses are picked at a repetition rate of 10 Hz and fed into a multipass amplifier (Preamp
in Figure 3.1). The pulses are then stretched to approximately 450 ps, and their spectral
phase can be controlled with an acousto-optic programmable dispersive filter (AOPDF).
The pulses continue into the power amplifier which consists of a regenerative amplifier
followed by a multipass amplifier, where the pulse energy is increased to approximately
400 mJ. These pulses are spatially cleaned with a spatial filter (SF) before they reach the
final multipass amplifier, where their energy is further increased to up to 2 J.

The pulses are still stretched, and they cannot be compressed in air since the resulting peak
power of the pulses would cause dielectric breakdown of air. The pulse compressor and
the rest of the laser transport chain are therefore mounted in vacuum. The grating-based
pulse compressor brings the duration of the laser pulses to close to their initial duration,
of about 35 fs. Part of the beam from the compressor can be intercepted and sent to be
characterized. After the pulse is compressed, it can be sent through a double plasma mirror
(DPM, described in Section 3.3) to be temporally cleaned before it is focused onto a solid
target with an off-axis parabolic mirror (OAP).

The amplification and transport chain of the laser system introduces imperfections into
the spatial and temporal features of the laser pulse, making the laser–solid interaction sub–
optimal. To measure and correct for these imperfections, a set of diagnostic tools and
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correction devices is used at different locations throughout the laser chain, to the laser–
solid interaction point. These are discussed in more detail later in this chapter.

Oscillator

Stretcher

Preamp

nJ30 fs

30 fs

35 fs450 ps

�J

�J

AOPDF
Phase control

f/3 OAP

Focus camera

Microscope

Wavefront
sensor

Spectrometer Single-shot FROG

Interaction
point

Laser chain

Power
ampli�er

Final
ampli�er

Contrast, curation and
phase measurement

Pulse compressorDiagnostics cable

Double plasma mirror

DM
SF

G1

G2

400 mJ 2 J

1 J

450 ps 450 ps

Figure 3.1: Schematic image of the laser chain and the pulse delivery chain of the Lund
Multi-Terawatt Laser System. SF denotes spatial filter, DM – a deformable
mirror, and G1 and G2 are compressor gratings.

3.1 Spatial Wavefront

The effective interaction of the laser pulse with the target relies on the ultrahigh intensity
of the laser pulse. In order to achieve such high intensities, the laser beam must be tightly
focused. However, the wavefront of the beam suffers aberrations due to beam propagation
through the amplification chain of the laser system, where it is subjected to air inhomo-
geneities and imperfections in various optical components. In order to compensate these
effects a wavefront sensor [62] and a deformable mirror [63] are used. A deformable mirror
(DM) is a reflective membrane, allowing the principal curvature to be changed, an piezo-
actuators (31 in the case of the DM used this work) that allow the shape of the mirror
to be locally modified. A photograph of the DM used in the laser chain and the spatial
arrangement of the actuators are shown in Figure 3.2.

The wavefront sensor and the DM are connected by software that forms a positive feedback
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Figure 3.2: (a) Schematic illustration of the deformable mirror used in this work, with 32
electrodes. The first electrode, used for the adjustment of global curvature,
is not shown in the illustration. (b) A photograph of the deformable mirror
installed after the pulse compressor.

loop between them. This makes it possible to adjust the wavefront of the pulse to a desired
arbitrary shape, including the corrections made for optical components downstream of the
DM (allowing compensation for even small misalignments of the focusing OAP), provided
the wavefront sensor is placed after the focal plane. The wavefront measured by the sensor
is approximated by the software using a Zernike polynomial. After the polynomial is cal-
culated and the desired wavefront is determined, the software sends information on the
voltages required on the DM piezo-actuators based on an actuator response calibration.

In order to achieve the smallest possible focal spot size and thus the highest intensity on
target, the wavefront is usually set to be flat. Figure 3.3 shows an example of the measured
wavefront and recorded focal spot before and after the optimization of the laser pulse wave-
front. Running the optimization loop enabled the intensity of the focused laser pulse to be
increased by approximately 30% in the particular case depicted in Figure 3.3.
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Figure 3.3: The spatial wavefront and focal spot measurement of the laser pulse before (a)
and after (b) running the optimization loop.
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3.2 Temporal Shape of the Laser Pulse

A laser pulse created by a real CPA system has a complicated temporal profile, as illus-
trated in Figure 3.4. For simplicity, it can be divided into three parts, each having different
duration and intensity. The longest part of the pulse is called the pedestal. This typically
originates from the amplifiers of the laser chain due to amplified spontaneous emission,
cannot be compressed, and can last for several nanoseconds before (and after) the peak of
the pulse. The next part is closer to the peak of the pulse, preceding it by tens of pico-
seconds and is commonly caused by imperfections of the optical elements in the stretcher,
introducing random phase variation to pulse spectral components, which in turn makes
them incompressible. In this thesis, this part of the laser pulse is referred to as the shoulder.
Finally, the most intense part of the pulse, that is compressed to a duration of few tens of
femtoseconds, will be referred to as the ultrafast part of the laser pulse, or the main pulse.

Pedestal

Shoulder

Main pulse (fs)

tpsns
N

or
m

al
iz

ed
 in
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1

10-6

10-9

Figure 3.4: Schematic illustration of a realistic laser pulse. The duration of the main pulse
is on the order of tens of femtoseconds.

Each part of the laser pulse differs in intensity by many orders of magnitude, and different
tools are needed to characterize and control them. An overview of these tools is given below.

3.2.1 The Ultrafast Pulse

Let us start by describing the means of measuring and controlling the properties of the
ultrafast laser pulse, as introduced in Section 2.1.1.

The intensity of a laser pulse is highest when the pulse is as short as possible, also known as
the transform limit. In the work presented in this thesis, the pulse properties were routinely
checked using a pick-up mirror in the pulse compressor (see Figure 3.1). However, in order
to have information about the exact pulse properties during the laser-matter interaction,
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it is useful to intercept and characterize the laser beam as close to the interaction point as
possible.

The core element of the pulse characterization is a single-shot intensity autocorrelator, il-
lustrated in Figure 3.5. The incoming laser pulse is spatially split by a knife-edge prism,
forming the two arms of the autocorrelator. One of the arms includes a delay line so that
the relative arrival times of the pulses at the non-linear crystal can be adjusted. When the
two pulses overlap spatially and temporally in the crystal, a non-collinear second harmonic
signal is generated. This signal is the autocorrelation of the pulse, and its width corresponds
to the pulse duration. A common way of detecting the signal is to use a camera with an
objective lens imaging the non-linear crystal.
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Figure 3.5: Schematic illustration of a prism single-shot autocorrelator (a) and delay intro-
duction in a non-linear crystal (b).

While using an intensity autocorrelator is the simplest and fastest way to determine the
duration of the main part of the laser pulse, the shape of the pulse has to be assumed, and
no information is provided on the electric field of the pulse. One way of obtaining this
information is by placing an imaging spectrometer in the non-collinear second harmonic
beam to obtain a spectrogram of the autocorrelation of the laser pulse. This technique is
known as frequency-resolved optical gating (FROG) [64]. More specifically, in the context
of this work, a second harmonic FROG setup was used (SHG-FROG).When used in high-
power applications, the setup can be arranged so that pulse splitting and second harmonic
generation take place in vacuum, and only the low-intensity non-collinear second harmonic
signal is transferred through an optical window to the spectrometer and the detectors placed
in air.

The spectrograms obtained with the FROG setup can be used to determine the exact tem-
poral shape and phase of the laser pulse by using well-known numerical retrieval algorithms,
explained in detail in other works [64, 65].

The ability to determine the exact temporal shape of the pulse as it arrives at the target
also allows the shape of the pulse to be controlled and adjusted to an arbitrary shape. The
laser system used in this work includes an acousto-optic programmable dispersive filter, or

31





pumping in the laser amplifiers or the pulse-cleaning Pockels cells can be changed to modify
the duration of the pedestal. However, diodes are not sufficiently fast and lack the dynamic
range needed to measure the properties of the shoulder of the laser pulse. To accurately
estimate the contrast of the pulse on the picosecond timescale a device with a high dynamic
range (at least 108) and subpicosecond temporal resolution is needed. One approach is to
use self-referenced spectral interferometry [67, 68], which can also be used in its single-shot
version, providing dynamic range covering 8 orders of magnitude [69]. Another approach
is to use a third-order cross-correlator (TOCC). The contrast measurements reported in
this work were obtained with a Sequoia scanning TOCC (Amplitude Technologies) that
has a dynamic range of 1010.

The Sequoia TOCC is routinely used on the diagnostics table (see Figure 3.1) to monitor the
contrast of the compressed laser pulse. However, it can be moved to monitor the contrast
of the pulse close to the interaction point. A typical contrast measurement is shown in
Figure 3.7. It does not change significantly with the position of the measurement device.
A common way of improving the pulse contrast is to use a plasma mirror. This is a passive
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Figure 3.7: A typical contrast obtained from the Lund High Intensity laser system with the
Sequoia TOCC. It should be noted that internal reflections in the device may
cause parasitic prepulses in the measurement trace.

device that prevents the low-intensity pedestal from reaching the target at the interaction
point. Plasma mirrors can be cascaded, and two are often used together. Such a DPM
[70, 71] was designed, constructed, and used in the work presented in Papers II–IV. It is
ddescribed in more detail in Section 3.3 below.
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face plasma will have reached the critical density after the laser pulse has deposited fluence
�0 (for a glass substrate it is around 10 J/cm2). In order to estimate the spot size on the
substrate, the contrast measurement of the laser pulse must be analyzed. The contrast curve
shown in Figure 3.7 gives the average intensity of the pedestal. Although the measurement
is limited by the device time window of 150 ps prior to the peak of the pulse, it is possible
to see the transition between the shoulder of the pulse and the pedestal.

One way of selecting the trigger time is to use an external laser pulse preceding the main
part of the laser pulse by a certain controllable delay [74]. While this can improve the
reflectivity of a single PM, the most common configuration utilizes a self-triggered scheme
where the PM is triggered by the pedestal of the laser pulse, as was the case in this work.
The fluence is then controlled by the spot size on the substrates of the DPM. Based on
the assumptions above and considering the total energy of the laser pulse to be 1 J when
it reaches the DPM substrates, the spot size on the substrates has to be approximately one
mm in diameter for the plasma mirror to trigger just before the main part of the pulse. In
this case the peak intensity on the substrates is on the order of 1015 W/cm2.

To achieve these values,in the DPM setup used in this work, the laser was focused by a
1 m focal length off-axis parabolic mirror, and the substrates were placed 17 mm away
from the focal plane. The focal plane is usually located midway between the reflective
surfaces of the substrates as this has been shown to yield the highest transmission of the
DPM, while providing significant contrast enhancement[75]. The substrates are moved by
a combination of motorized stages, and the laser beam is recollimated after the cleaning
with an off-axis parabolic mirror identical to the focusing one. The overview render of the
DPM is presented in Figure 3.9

OAPs

Glass substrates

PM substrates on
a motorized stage

Figure 3.9: A render of the double DPM CAD assembly. OAP denotes off-axis parabolic
mirror.
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3.3.3 Optimization

Ideally, the DPM should be triggered immediately before the arrival of the main part of the
laser pulse. However, it is difficult to achieve the optimal fluence on the substrates’ surfaces
in practice, and in some cases it has considerable consequences.

If the fluence is too low, the DPM turns on after the arrival of the leading edge of the main
pulse. Such effects were explored in the sudy described in Paper IV. In that work, the main
part of the pulse was temporally stretched to study the effects of pulse chirp on the protons
accelerated from ultrathin foils, where high contrast was needed. Temporal stretching of
the pulse caused the part of the spectrum of the pulse corresponding to its leading edge
to be discarted by the DPM. The spectral transmission of the DPM for such a scenario is
shown in Figure 3.10.
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Figure 3.10: Spectral transmission of the DPM when triggered later than the optimal time,
as a function of GVD (pulse chirp). The change in the GVD (resulting in a
change in the pulse duration) was introduced by changing the pulse compres-
sion prior to the DPM.

It can clearly be seen from the figure that the central wavelength of the transmitted spec-
trum and its width depend on the GVD (chirp) of the laser pulse, causing a shift to shorter
wavelengths for a positively chirped pulse, and to longer wavelengths in the case of a negat-
ive chirp. Such behavior is in agreement with what reported in other study on the temporal
reflectivity of plasma mirrors [76]. The ‘missing’ parts of the spectrum lead to temporal
modification of the laser pulse when it reaches the interaction point on the target, which
can be crucial for studies relying on pulse chirp characterization.

If, on the other hand, the spot size on the substrates is too small, causing the fluence to
be too high, the DPM will trigger too early. This will reduce the contrast enhancement
provided by the plasma mirror but, more importantly, it will increase the peak intensity
of the laser pulse on the substrates. The drawbacks of the intensity being too high can
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be attributed partly to the hole boring effect (see Section 2.2.2) and partly to the plasma
forming the reflecting surface getting enough time to evolve, affecting the wavefront of the
reflected pulse.

If the intensity is too high, any deviation from the desired flat-top beam profile on the
substrates will result in a non-uniform pressure on the plasma critical surface, causing it to
move towards the substrate. If the non-uniformity of the beam intensity is high enough to
significantly move part of the critical surface, it will essentially create a phase plate in a con-
verging beam, resulting into intensity redistribution into Fresnel rings. In such a case the
intensity in the central spot can be high enough to damage optical elements downstream.
A normal and such a ‘ring’ nearfield spatial profile of the laser beam are shown in Figure
3.11 together with the beam imprint on the second substrate.

(a) (b) (c)

Figure 3.11: (a) Nearfield profile of a beam reflected by theDPMwithout surface distortion.
(b) Nearfield profile of a beam reflected by the DPMwith surface distortion on
the first substrate, (c) A microscope image (x10) of the second substrate when
hole boring occurred on the surface of the first substrate.

Although a non-flat plasma critical surface on the substrates can be highly destructive, if
properly controlled it provide opportunities for interesting applications. For example, the
reflecting surface of the PM can be shaped to constitute a phase plate in order to obtain
angular momentum beams [77] or to assist in focusing the laser pulse [78, 79].

However, when the fluence on the DPM substrates (i.e. the distance between the focal spot
and the substrate surface) is optimal, the spatial and spectral properties of the laser pulse
are not affected, and the contrast is noticeably enhanced, while letting a significant fraction
(50%) of laser pulse energy available for laser-solid interaction with the target.

The most important performance indicator of a plasma mirror is the enhancement of the
temporal contrast of the laser pulse. Figure 3.12 shows a contrast enhancement measure-
ment of two orders of magnitude until up to 2 ps prior to the main peak of the pulse.
Such an improvement allows the investigation of the laser–matter interaction with nano-
structured targets, as presented in Papers II–III, and with ultrathin targets with thicknesses
down to 10 nm, as presented in Paper IV.
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Figure 3.12: Measurements of the temporal contrast of the pulse, with and without DPM.

However, a pulse with high contrast is not in itself useful if the cleaned pulse cannot be
tightly focused on the target, thus ensuring an optimal laser–solid interaction. Figure 3.13
shows that optimally configured plasma mirrors have no significant effect on the shape of
the laser focal spot.
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Figure 3.13: Images of the laser focal spot at the laser–solid interaction point, normalized
to their respective maxima, when bypassing the DPM (a) and after being tem-
porally cleaned by the DPM (b).
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Chapter 4

Laser–Solid Interaction
Characterization and Ion Detection

The laser pulse, with its wavefront and temporal shape adjusted to the desired values, is
focused tightly onto the solid target surface at the center of the experimental chamber.
A common way of studying such an interaction of a solid with extreme electric fields is
to record and analyze the spectra and spatial distribution of accelerated ions, as well as
the changes in the laser pulse. In the experimental setup used in this work (see Figure
4.1) a double-sided ion spectroscopy setup was implemented, consisting of two separate
spectrometers simultaneously detecting particles accelerated in the forward and backward
directions. The ions accelerated in the forward direction were detected with a Thomson
parabola spectrometer (TPS), and protons traveling in the backward directionwere detected
with a simple dipole magnetic spectrometer. A proton spatial profile detector could be
inserted into the forward direction ion beam.

f/3 OAP

Target

RS TS

FWD accel.BWD accel.

Thomson 
parabola
spectrometer

Dipole magnet
spectrometer

400 mJ, 804 nm
32  176 fs

Spatial detector

Figure 4.1: Illustration of the interaction characterization arrangement. FWD denotes for-
ward, BWD backward, TS transmission scatter screen, RS reflection scatter
screen, and OAP off-axis parabolic mirror.
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4.1 Balanced Light Reflection and Transmission Detector

Changes in the amount of reflected and transmitted laser radiation can be recorded by
placing Spectralon scattering screens (LabSphere, SRT-99-050) in the reflected and trans-
mitted laser beams, and using cameras equipped with appropriate neutral density filters
and a bandpass filter at the laser wavelength. observing the screens, one can record changes
in the amount of reflected and transmitted laser radiation. Such an arrangement was used
in the work presented in Papers II–III

In order to be able to directly compare the reflected and transmitted signals, the two sides
(reflection and transmission) of the detector must be cross-calibrated. This can be per-
formed by recording the images produced on each of the screens when they are illuminated
(one at a time) by a reference laser beam of the same power, usually using a helium-neon
laser, and setting the same integration time on the cameras. This method inherently ac-
counts for the angles of observation and the responses of the cameras.

When studying the interaction at full power, different sets of calibrated filters are placed
in front of the two cameras. Knowing the transmission of these filters, it is then possible
to directly compare the reflection and transmission signals normalized to the counts of a
‘blank shot’, obtained by measuring the transmission signal when no target is placed in the
focus of the laser.

4.2 Ion Spatial Detector

A specialized detector was introduced in order to monitor the spatial profile of the acceler-
ated ion beam. Such a detector was used in the experiment presented in Paper I.

The spatial profile detector consisted of a scintillator screen, the front of which is protec-
ted by an aluminum foil to shield the scintillator from laser and plasma light and debris
originating from the laser–solid interaction. The foil thickness was chosen such that the
protons could pass through to the scintillator, but heavier ions were stopped. Furthermore,
an aluminum grid was placed in front of the detector, allowing for the electron background
to be subtracted [80]. The light produced by the scintillator was collected by an objective
lens and transferred via a fiber bundle to a camera outside the vacuum chamber.

The scintillator and the objective lens were enclosed in a light-tight box in order to avoid
light pollution, and the box was placed on a translation stage so that the spatial detector
could be moved in and out of the ion beam. A more detailed description of the spatial
detector can be found in other work [81].
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ment, and further stresses the benefits of using the whole geometry of the spectrometer for
the numerical simulations.
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Figure 4.5: (a) The magnetic field distribution in the magnet and the yoke of the magnet
and (b) the electric field created by the electrodes in the direction perpendicular
to the electrodes. The heavy blue lines indicate the electrodes and light blue lines
show the lines of the electric field. The axis of the spectrometer is indicated by
the dashed green line. The black lines indicate the outline of the imported CAD
geometry used in the simulations.

The calculated field distribution is then used in the particle propagation simulation. In a
simplified geometry, the charged particles were released from a source in a virtual plane at
the same position and of the same size as the aperture of the spectrometer, and stopped at a
virtual plane representing the detector. The simulations provide information on the particle
position as a function of time, and an example of three-dimensional calculated particle
trajectories is shown in Figure 4.6 for different particle energies. Propagation simulations
can be performed for various ion species, resulting in a comprehensive deflection map.

z
x

y

Figure 4.6: Simulated trajectories of protons with kinetic energies from 1 MeV (blue) to
10 MeV (red). The outline of the simulation setup is shown in black.
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Figure 4.12: The final spectra for selected ion species, corresponding to the traces in figure
4.8b.

While the processing algorithm provides valuable insight into the properties of different
ion species, the work presented in Papers II–IV focused primarily on proton acceleration.
Detailed investigations of the changes in the properties of other ion species when varying
target and laser parameters will be a subject of future research.
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Chapter 5

Proton Acceleration Optimization

The main goal of this part of my work was to find ways of increasing the cut-off energy of
the accelerated protons or improving proton beam quality, for example, better collimation.

As mentioned previous chapters, the ion beam properties are determined by the energetic
and spatial properties of the electrons forming the acceleration sheath, heated directly by
the laser pulse. In this chapter the target and laser pulse manipulation presented in Papers
I–IV in pursuit of optimization of the electron distribution will be discussed. Papers I–
III describe the manipulation of the front surface of the target in order to increase the
conversion of the laser pulse energy to the kinetic energy of the accelerated protons. The
results of unpublished investigations on black silicon and foam targets are also presented
in this chapter. Paper IV focuses on tailoring the temporal properties of the main part of
the laser pulse that affects the electric field distribution on the front surface of the target.

5.1 Front Surface Laser Machining

Paper I describes a study in which the microscopic structure of the front surface of the
target was related to the properties of the proton beam. Low-energy femtosecond laser
pulses were used to to machine (drill) a pit in the target, to a determined depth, prior to
sending a fully amplified pulse into the preformed pit on the target to study the interaction.

It was found that shallow pits (0:1�0:5 μm) laser-machined on the front surface of a 3μm
thick aluminum target reduced the proton beam divergence by a factor of three, without
significantly reducing the proton cut-off energy.

Using the same laser system for the low-intensity machining pulses and the high intensity
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OAP 1

OAP 2

Target

PD

Energy meter

OSC

Incoming pulse

HWP

Figure 5.1: Schematic illustration of the experimental arrangement used for absorption
measurements of black silicon. OAP 1 is the focusing mirror, OAP 2 is the
recollimating mirror, HWP denotes the half-wave plate, and PD the photodi-
ode, which is connected to a digital oscilloscope, OSC.

The amount of the laser pulse reflected was studied as a function of the laser pulse peak
intensity on the target. The intensity was changed by moving the target along the axis of
the focused laser beam, and the energy of the specularly reflected and diffusely scattered
light was recorded. Measurement were made for both s– and p–polarization by rotating
the half-wave plate before focusing the pulse onto the target, as shown in Figure 5.1. The
total reflection is shown in figure 5.2.
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Figure 5.2: Total reflection by aluminum and black silicon.

Although the reflection is expressed in arbitrary units, it is possible to study the trends. It
can be seen from Figure 5.2 that and one can observe that both black silicon and aluminum
reflect very similar amounts of light at high intensities. The reflection of the aluminum
sample does not change with intensity within the errors, as expected, while the reflection
of p–polarized light is higher than that of s–polarized light due to the resonant absorbtion
process.

55



Black silicon showed a less uniform behavior. In the case of a p–polarized light, there was
no noticeable trend with intensity, and the dependence of the laser reflection on the light
intensity seemed rather stochastic. The case of s–polarization, on the other hand, showed a
more stable behavior. At higher intensities the reflected portion of the laser pulse was very
similar to that observed in the case of the aluminum target, but at low intensities on the
order of 1016 W/cm2, it was 0.

The abrupt decrease in the reflectivity of black silicon can be attributed to the scale of the
structure of black silicon, which is on the order of a few μm and the moderate contrast of
the laser pulses used during this study(10�8 at 100 ps prior to the peak of the pulse) . At
high peak intensities (i.e. tighter focus on the target surface) the pedestal and the shoulder
of the pulse ionize the surface structure prior to the arrival of the main part of the laser
pulse. The preplasma then expands for a longer time, causing the front surface structures
to vanish. furthermore, reducing the intensity on the target in this study corresponds to
a proportional increase in the irradiated area. This means that reducing the intensity of
the peak of the pulse not only facilitates the survival of the fabricated structure, but also
increases the amount of structural features irradiated that contribute to light absorption.

Although this study is an important step towards understanding the behavior of targets
with a surface structure, it clearly shows the need for very-high-contrast laser pulses to
investigate the interaction of ultra-intense laser pulses with structured targets. At the time
the study was performed, the double plasma mirror was not yet available at Lund High-
Power Laser Facility, but it would be interesting to repeat the study using the high-contrast
pulses provided by the DPM.

5.2.2 Nanowires

High–contrast laser pulses were used to investigate the enhancement of laser-accelerated
protons by regular copper nanowire structures on the front surface of the target. The details
of this study are presented in Paper II.

The nanowire structures were defined by a set of geometric parameters such as the length of
the nanowires, their diameter, and the distance between the individual nanowires. Different
combinations of these parameters were investigated both numerically and experimentally
to determine the values giving the best performance.

The targets were fabricated off-site and required preparation in order to transfer them to
a dedicated target holder for the study of laser-solid interaction. A thick aluminum oxide
layer that acted as a long-term support for the nanowires was etched away with a NaOH
solution. The unsupported targets were then rinsed with distilled water, dried andmounted
on the target holder, which was then placed in the experimental vacuum chamber.
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A major disadvantage of this process is that water became trapped in the nanowire ‘forest’,
and did not evaporate within even 24 hours deemed reasonable during the experimental
campaign. When such a nanowire target was placed in the evacuated vacuum chamber, the
water quickly evaporated, leading to destruction of the target. This problem could be solved
by a longer drying time of the target or possible modification of the transfer procedure such
that it is both acceptably quick and still non-destructive to the target.

Despite the complications associated with target handling, it was shown that a forest of
copper nanowires on the front surface of the target increased the absorption of the laser
light compared to a solid copper target of the same thickness. This resulted in a higher
temperature of the electrons forming the accelerating sheath and consequently higher ac-
celerated proton energies. The best nanowire geometry showed an enhancement of almost
factor of two, compared to a solid copper target of the same thickness as the length of the
nanowires.

5.2.3 Nanoholes

The study presented in Paper III was performed to investigate the potential of increasing
the energy of the accelerated proton energy using a thin target (a few hundred nm) with a
non-periodic array of perforating nanoholes. Previous simulation studies have shown that
when an infinitely high-contrast laser pulse is used, such a perforated target can increase
the cut-off energy of the laser-accelerated protons by almost a factor of two compared to a
non-perforated target of the same composition and thickness [101]. Such targets can easily
be fabricated in a cleanroom facility, and their handling does not differ from that of con-
ventional metallic foils with sub-micron thickness, which makes their use very appealing.

In the present experimental study, the cut-off energy obtained with nanohole gold targets
of different thicknesses, hole density, and hole diameter, was compared with that of un-
perforated gold foils. The results of the experimental study and follow-up particle-in-cell
simulations suggest that despite the very high contrast of the laser pulse (10�8 at 1 ps prior
to the peak of the pulse, see Figure 3.12), the shoulder of the laser pulse ionized the target
prior to the peak of the laser pulse, and plasma expansion caused the nanohole structures
to be filled with overdense plasma before the arrival of the main part of the laser pulse.
This means that there was very little structural difference between the nanohole target and
a flat foil when heating of the electrons took place. The enhancement predicted by the
simulations was therefore not observed experimentally even with very-high-contrast laser
pulses delivered by the DPM.
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occurring asymmetries of the pulse were compensated for with the AOPDF (see Section
3.2.1). The proton cut-off energy was found to be dependent on the sign of the pulse
chirp for the 100 nm target in the backward direction. In the case of 10 nm target, a strong
correlation was observed between the time derivative of the pulse instantaneous wavelength
and the proton cut-off energy in both the forward and backward directions. Further details
can be found in Paper IV, but some additional observations outside of the scope of the
paper are presented below.

One of these observations is the influence of the DPM on the main laser pulse. In order
to determine the temporal shape of the laser pulse, as seen by the target, the laser pulse
could be intercepted immediately before being focused on the target and sent to a single-
shot, second-harmonic FROG measurement setup. The spectrograms were recorded and
the temporal shape of the laser pulse was then retrieved.

For convenience, and to save space on the substrates of the DPM, the pulse properties
(GVD and TOD) were first determined when bypassing the DPM, and the pulses were
then fine–tuned when the laser propagated through the DPM. This gave the opportunity
to compare the laser pulses as they leave the compressor and the way they exit the DPM.
Raw FROG spectrograms are shown in Figure 5.5 for comparison.
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Figure 5.5: FROG traces of positively chirped pulse when it: (a) bypassing the DPM, and
(b) passes through the DPM.

There is a small, but noticeable difference between the two recorded spectrograms. The
retrieved temporal profiles show that the temporal shape of the laser pulses are very similar
(see Figure 5.6), suggesting that the temporal modifications of the laser pulse introduced
by the DPM are extremely small.

The balanced reflection/transmission detector (see Section 4.1) with Spectralon scatter screens
provided complementary data on the intensity of the light, transmitted and reflected from
the target. The results for the cross-calibrated measurements for the 10 nm and 100 nm
targets are shown in Figure 5.7.
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Figure 5.6: Retrieved temporal profiles of the laser pulse when bypassing and passing
through the DPM.
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Figure 5.7: Reflection and transmission measured with the Spectralon scatter screens as a
function of GVD for the 10 nm and 100 nm targets.

Despite the use of arbitrary units, it is possible to make observations related to the trends of
reflection and transmission for the two different targets, however, quantitative comparisons
between reflection and transmission are not possible.

The fraction of reflected light increases with increasing group velocity dispersion for both
targets. In other words, less light is reflected from the target when the pulse is positively
chirped than when it is transform-limited or negatively chirped, and the dependence is
approximately linear. The amount of light reflected from the two targets is very similar
when the pulse is positively chirped (GVD6 0 fs2). However, the fraction of light reflected
by the 100 nm foil increases faster than for the 10 nm foil as the GVD is increased.

The amount of light transmitted by the two different targets is almost identical when the
pulse is transform-limited or positively chirped (GVD 6 0). When GVD > 0 the fraction
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Chapter 6

Conclusions and Outlook

The aim of the work presented in this thesis was to find ways of optimizing the properties
of protons, accelerated by the TNSA mechanism. The properties of main interest were the
maximum kinetic energy of the protons and the spatial divergence of the proton beam.

In the experiments, presented in Paper I the effect of laser machining of the front surface of
aluminum foil targets was investigated. The study showed that machining a shallow (0:15
– 0:3 μm deep) pit in a 3 μm foil reduced the divergence of the proton beam by a factor
of three, without compromising the proton cut-off energy. This decrease was attributed
to a spatial modification of the accelerating sheath field. The machined pit on the front
surface of the target was deemed to change the divergence of the hot electron current, in
turn affecting the shape of the sheath.

A simple way of reducing the proton beam divergence, as described in Paper I, might be
useful in the applications of laser-accelerated protons. The protons are usually focused
on the point of application with solenoid or quadrupole magnets [106]. Such focusing
is complicated by the high chromaticity of the laser-accelerated protons and their high
divergence, and reducing the divergence directly from the source could potentially simplify
the design of the magnetic lens.

The studies presented in Papers II–III, and unpublished studies on black silicon and foam
targets, were performed to investigate the effects of nanostructures on the front surface of
flat foil targets. The combined results of these studies emphasize the utmost importance
of using laser pulses with sufficiently high temporal contrast to ensure the survival of the
nanostructures before the arrival of the main pulse of the laser. When the nanostructures
consisted of nanowires normal to the target surface, the contrast was sufficient when us-
ing the double plasma mirror, resulting in a notable increase in the electron temperature
and the proton spectra cut-off energy, indicating enhanced energy conversion between the
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laser pulse and the electrons (Paper II). Enhancement of the maximum proton energy in
the backward direction was also seen in the study on the haystack targets. On the other
hand, the results of the studies on black silicon and the studies reported in Paper III, where
the nanostructures consisted of non-periodic perforations, suggest that insufficient con-
trast (even with the DPM) caused the manufactured structures to be filled with overdense
plasma, essentially making the target appear flat before the arrival of the main part of the
laser pulse.

The finding of these studies can stimulate a discussion on the use of nanostructured tar-
gets in the growing novel and exciting field of ion acceleration with petawatt-class lasers.
Numerical studies have already been conducted to investigate the interaction of structured
targets with such laser pulses. One study based on computer simulations has shown that
placing nanospheres on the laser-irradiated surface of a thin plastic foil in the PW regime
(10 PW) should increase the proton cutoff-energy from 600 to 650 MeV [107]. Another
numerical study showed a 30% increase in the proton cut-off energy when hollowed thin
targets were used [108], which were very similar geometrically to the targets described in
Paper III. However, infinite laser pulse contrast was assumed in both these studies.

Compared to a 50 TW laser system, as was used in the experimental work presented in
this thesis, PW peak powers require at least a twenty-fold increase in the energy of the laser
pulse, assuming that the pulse duration and the focal spot size are unchanged. Thus, a
corresponding increase in the temporal contrast is needed to ensure that the intensity on
target remains the same before the main part of the laser pulse arrives.

There have been several successful attempts to increase the contrast of short-pulse PW lasers,
for example, by modification of the front-end of the laser system [109, 110] or through the
use of plasma mirrors [111]. With an appropriate front-end laser system and an optimized
DPM, it has recently been shown to be possible to achieve sufficiently high laser pulse
contrast for direct interaction of laser pulses with targets as thin as 10 nm [111].

The study presented in Paper IV revealed that with sufficiently high temporal contrast of
the laser pulse and a very thin (10 nm) amorphous carbon foil target, there is a correlation
between the rate of change (i.e. time derivative) of the instantaneous wavelength, averaged
over the duration of the pulse, and the maximum kinetic energy of laser-accelerated pro-
tons. This directly implies that the temporal properties of the main laser pulse influence
the laser-driven ion acceleration beyond ‘simply’ the contrast of the laser pulse, and the
electric field of the main part of the pulse may play a significant role, affecting the ion ac-
celeration with ultrathin targets. The effects found experimentally and discussed in Paper
IV indicate a possible branch of studies dedicated to the interaction of tailored laser pulses
with solids, and can potentially be of great interest when further explored using intense
few-cycle pulses.

The field of laser-driven ion acceleration is still young, and has only been closely investig-
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ated for the past two decades, with target manufacturing techniques and laser development
going hand-in-hand. However, despite the best efforts, TNSA still remains a rather ineffi-
cient process, and no really significant breakthroughs have been achieved. The conversion
efficiency of laser energy to the kinetic energy of the protons, in a simple scenario consisting
of a flat target and a single transform-limited pulse, does not typically exceed 4% [112]. The
laser-to-electron energy conversion can be as high as 70% [38], and the major part is thus
lost in the electron to ion energy exchange.

It is the author’s opinion that further investigations into ways of enhancing the efficiency of
the TNSA process should focus on increasing the efficiency of the energy transfer between
the hot electrons and the ions. This could be done by either spatially confining the electron
sheath, or by increasing the time during which ion acceleration takes place.

However, it is possible that completely new laser-based acceleration mechanisms will prove
to be inherently more efficient than TNSA (for example, radiation pressure acceleration),
and will dominate the field in the future. Such mechanisms will come hand-in-hand with
the development of more advanced laser systems that can provide higher temporal contrast,
shorter pulse duration and higher peak power, and will allow for a broad range of means to
tailor the laser pulses.
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Abstract
High intensity laser-driven proton acceleration from micromachined targets is studied
experimentally in the target-normal-sheath-acceleration regime. Conical pits are created on the
front surface of� at aluminium foils of initial thickness 12.5 and 3� m using series of low energy
pulses(0.5–2.5� J). Proton acceleration from such micromachined targets is compared with� at
foils of equivalent thickness at a laser intensity of 7�× �1019 W cm� 2. The maximum proton
energy obtained from targets machined from 12.5� m thick foils is found to be slightly lower
than that of� at foils of equivalent remaining thickness, and the angular divergence of the proton
beam is observed to increase as the depth of the pit approaches the foil thickness. Targets
machined from 3� m thick foils, on the other hand, show evidence of increasing the maximum
proton energy when the depths of the structures are small. Furthermore, shallow pits on 3� m
thick foils are found to be ef� cient in reducing the proton beam divergence by a factor of up to
three compared to that obtained from� at foils, while maintaining the maximum proton energy.

Keywords: laser-plasma based proton acceleration, laser micromachining, conical structures

(Some� gures may appear in colour only in the online journal)

1. Introduction

Laser-plasma based proton acceleration has become a widely
studied research area due to its capability of accelerating ions
over a very short distance[1, 2]. Typically protons are
accelerated over a distance of up to tens of� m by a high
amplitude transient electric� eld (� TV m� 1) produced in the
interaction of high intensity laser interaction with thin foils.
Compared to conventional accelerator beams, shorter bunch
duration, lower transverse emittance, and smaller source size
make laser accelerated protons potentially suitable for
numerous applications in fundamental as well as applied
science and medicine[3]. Although, the potential is enormous
for viable applications, low repetition rate, broad energy

spectra and large ion-divergence of laser-driven ion sources
need to be overwhelmed.

The most robust mechanism for laser-driven ion
acceleration is called target normal sheath acceleration
(TNSA) [4–6]. In this scheme, typically, a high intensity
(> 1018 W cm� 2), short(< 1 ps) laser pulse is focused onto the
front surface of a thin foil(few � m thick). Very often the laser
pulse pedestal, originating from ampli� ed spontaneous
emission(ASE), and the rising edge of the pulse almost
completely ionize the material in the focal area, resulting in
hot dense plasma. The rest of the pulse cannot propagate
through this plasma and transfers a fraction of its energy to
the plasma electrons before being re� ected. Depending on
laser intensity and plasma density gradient, several processes
(e.g. resonance absorption,J�× �B heating, Brunel heating,
etc) lead to a copious production of energetic(hot) electrons
[7, 8]. A large number of these hot electrons then penetrate
the foil and generate a strong charge-separation sheath electric
� eld at the rear side of the target. Atoms, present at the rear
side of the target, usually as surface contamination, get� eld
ionized and subsequently accelerated in this transient sheath
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� eld to multi-MeV energies according to their charge-to-mass
ratio. The strength of the sheath� eld is proportional to the
square root of the product of the hot electron density and
temperature. Therefore, higher and hotter electron production
can lead to enhanced proton acceleration. The use of thin
targets reduces the effective area of hot electron emission
from the rear side of the target and thereby increases the areal
density of hot electrons which gives rise to improved proton
acceleration[9–11]. However, the ultimate target thickness is
limited by the intensity contrast between the pedestal and the
peak of the laser pulse. In addition, structured targets, where
the material distribution at the front surface is modi� ed, can
be more ef� cient in absorbing the laser pulse energy than� at
targets leading to both larger number and increased temper-
ature of hot electrons[12–15], resulting in enhanced proton
acceleration[16–20].

Typically TNSA proton beams have a large and energy
dependent angular divergence with the smallest divergence
for the most energetic protons[21–23]. Focussing of the full
proton beam down to a small spot has been demonstrated in
the past using curved targets[24, 25]. Recently, Aurandet al
have demonstrated that the spatial distribution of the hot
electrons on the rear side of the target and the transverse
expansion of the electric sheath� eld has a profound effect on
the angular divergence of the accelerated protons; the proton
beam divergence can be reduced if the transverse spatial
distribution of the electron sheath on the rear surface of the
target is increased[26]. One way to reduce it is to defocus the
laser on the target[26]. The maximum proton energy in this
case is found to be lower, as the laser intensity on the target
becomes lower compared to the tight focus condition. In spite
of obtaining enhanced hot electron production, Matsuokaet al
have reported almost similar acceleration in terms of max-
imum proton energy from conical targets compared to� at
targets[27]. The conical structures were created on the front
surface of the thin foils of various initial thickness, in the
range 25–100� m using series of pulses of energy 7–70� J.
The higher number of hot electrons produced in such inter-
actions is argued to be balanced by a larger electron diver-
gence which acts adversely to enhance the maximum proton
energy. In the present study we extend that investigation with
thinner target foils(3 and 12.5� m) and also using lower
energy pulses(0.5–2.5� J) for making structures. The ques-
tions we address here are, whether higher electron divergence
produced in conical targets is effective in reducing the proton
beam divergence, and if there are any effects of different
aspect ratios(longitudinal versus radial dimension) of the
conical structures on the proton acceleration.

To prepare our structured targets, we use laser micro-
machining on thin aluminium foils. Laser micromachining is
the process in which micron sized features/ structures are
created by ablating material from a substrate using pulsed
lasers. With femtosecond duration and low pulse energy, the
laser energy is deposited very rapidly and the thermal diffu-
sion to the ionic lattice is minimized, which results in sharp
and reproducible structures[28]. This method has the
advantage that it facilitatesin situ target fabrication as the
same beam and focusing geometry can be used for target

preparation as well as proton acceleration without altering the
experimental set-up. Laser micromachining is also very
effective in generating controlled transient plasma structures
on a plain solid surface, which can be used to study laser
energy absorption, electron dynamics as well as proton
acceleration from such structures[29–31]. In our experiment
the pulse energy is adequately attenuated while micro-
machining such that only a very small amount of target
material is removed from the focal area with each laser pulse,
resulting in a pit on the front surface of the target. The depth
of the pit is controlled by the number of machining pulses.
Since the propagation axis for the machining pulse and the
main pulse is identical, this method also relaxes the require-
ment of target alignment between target machining and pro-
ton acceleration. We found that micromachined targets, for a
certain geometrical structure of the pit, can be effective in
reducing the proton beam divergence by a factor of up to
three compared to conventional� at targets.

2. Experimental set-up

The experiments are performed using the 10 Hz multi-tera-
watt Ti:sapphire laser system at Lund University, Sweden. It
is a chirped pulse ampli� cation based system delivering lin-
early polarized laser pulses of 35 fs temporal duration at a
central wavelength of 800 nm. In the present experiments, the
main pulse(accelerating pulse) energy on the target is kept
� xed at 0.59(± 0.05) J. The ASE to main pulse intensity
contrast of the laser pulses, as measured by a third order auto-
correlator, is 1–3 × 10� 9 up to 50 ps prior to the arrival of the
peak of the pulse. After compression, a deformable mirror
(DM) sends the laser beam to the experimental chamber.
Figure1 shows the schematics of the experimental setup. The
p-polarized laser pulses are focused on the target by af/ 3 off-
axis parabolic mirror at an incidence angle of 45� . The DM,
together with a wavefront sensor, corrects for wavefront
aberrations and helps to achieve a circular focal spot of
approximately 3.7� m full-width-at-half-maximum(FWHM)
in diameter, resulting in a peak intensity of 7�× �1019 W cm� 2

in vacuum. The target foil is sandwiched between two rec-
tangular metal frames, each having an identical array of cir-
cular openings(sites) that enables to have free standing target
foils on every site. The whole target holder is mounted on a
motorizedx–y–z translation stage assembly allowing a new
target foil to be positioned in the focal plane for each laser
shot. A magnetic spectrometer, placed in the target normal
direction on the rear side of the target, is used to record the
proton energy spectra on a shot-to-shot basis. This spectro-
meter, which is based on a permanent dipole magnet, bends
the proton trajectories downwards(y-direction) according to
their energy. A rectangular slit is used at the entry of the
spectrometer to sample the central part of the proton beam.
After the magnet the protons impact on a plastic scintillator
(Saint-Gobain, BC-408) and the resulting� uorescence is
imaged onto a 16-bit EMCCD camera. The spatial pro� le of
the proton beam is imaged by another scintillating screen
(5 cm�× �8 cm) placed within a light shielded box(footprint

2

Plasma Phys. Control. Fusion 60 (2018) 035014 M Dalui et al

88



monitor) at a distance of 8.3 cm from the rear surface of the
target. The footprint monitor is mounted on a linear translational
stage that allows it to be moved in and out of the proton beam
path. It is positioned in a way that it can capture proton beams
of transverse size up to approximately 32° (full-angle). For a
single laser shot either the spectrum or the spatial pro� le of the
proton beam is recorded. Both scintillators are covered with a
single layer of 13� m thick Al foil to protect them from ambient
light (radiation from resultant plasma as well as scattered laser
radiation) and target debris. It also stops protons of energy less
than 0.9 MeV and heavier ions compared to proton from
reaching the detector. The whole experimental chamber is
maintained at a pressure� 10� 5 mbar. More details about the
target system and ion diagnostics can be found in[32].

3. Target preparation

We use Al foils of two different initial thicknesses(12.5
and 3� m) and the front side of each foil is laser machined to
create conical pits. The laser pulse energy is selected by ensuring
through a microscope objective that no surface deformation
occurs on the rear surface of the foils. Approximately 2.5� J/
pulse and 0.5� J/ pulse are used respectively to machine the
thicker foil and the thinner foil. Figure2(a) shows the schematic
of the micromachined targets. The impact of a large number of
machining pulses eventually forms a tunnel through the foil. The
transmission of a co-linear HeNe laser beam is used to con� rm
the tunnel making process. IfNt is the minimum number of
machining pulses required to make a tunnel through a foil of

thicknessL, then, the material removal rate is estimated asL/ Nt.
Therefore, the depth of the pit afterN (< Nt) machining pulses is
estimated to be,d�= �NL/ Nt; and the remaining foil thickness,
l L d L N N1N

trem � � � � � � � �( ). Figure 2(b) shows an micro-
scope image of the front side of the foil after machining a
12.5� m foil with 25 pulses. The pit is slightly elliptical in shape
as the laser pulse is incident obliquely onto the target. The width
of the pit as a function ofN is shown in� gure2(c), and it is
observed to remain below four times the diameter(FWHM) of
the laser focal spot in vacuum.

4. Results and discussions

In the experiment, we� rst � x the initial foil thickness and send
low energy machining pulses to create a pit on the front side of
the foil. The full energy pulse is sent after micromachining, and
proton energy spectra as well as proton beam pro� les are
recorded as a function of number of machining pulses(N).
After each such measurement, we move to a new undamaged
target site for the next measurement, and the whole process is
repeated during the experiment. Results obtained from
machined targets of differentlremare compared with� at foils of
equivalent thickness under similar experimental conditions.

Prior to the experiment the laser focus is optimized in
spatial domain using adaptive optics and in temporal domain
by adjusting the compressor-grating to minimize any spatio-
temporal coupling. The image of the focus of the accelerating
pulse as well as the machining pulse are shown in� gures1(b)
and(c), respectively. Other method of characterization can be

Figure 1. (a) Schematics of the experimental set-up(top view). The laser pulse is focused on the front side of the target by an off-axis
parabola. The microscope objective is used to align the target in the focus. The magnetic spectrometer and the footprint monitor are used to
characterize the proton beam. Images of the focus of the accelerating pulse and the machining pulse in vacuum are shown in(b) and
(c), respectively.
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found in [33]. We believe that‘prethermal’ laser ion sheath
acceleration[34] is absent in our experimental conditions.
The Rayleigh length of the laser focus is much longer than the
depth of the pits as well as the target thickness; therefore, the
change in the main pulse intensity is negligible when it
interacts with the micromachined targets.

4.1. Structures on 12.5 � m thick foils

Proton energy spectra(averaged over 5 shots), as derived from
the magnetic spectrometer, from� at foils of different thickness
and from laser machined targets with differentlrem are shown
in � gures3(a) and(b), respectively. For� at targets, the max-
imum proton energy,Emax

p is observed to increase with
decreasing foil thickness, which is consistent with the results of
several previous experimental studies[9–11]. For micro-
machined targets, irrespective oflrem, Emax

p remains almost
constant and equal to that obtained with 12.5� m thick � at
foils. This indicates that the ion front experiences almost equal
accelerating sheath� elds for the case of machined targets along
the target normal direction. Figure4 shows the spatial pro� le of
the proton beam as detected by the footprint monitor from� at
targets(� gures 4(a)–(c)) as well as micromachined targets
(� gures4(d)–(f)). We observe that the angular divergence of
the proton beam from micromachined targets are comparable
with that obtained from� at foils as long asl 6 mrem �2 �N . In
this case the full-angle-at-half-maximum(FAHM) of the pro-
ton beam is found to be 6.1°(± 0.6°). The beam divergence
increases to 9°(± 1°) (FAHM) when lrem is reduced to 3� m.
The proton emission seems to lose beam-like properties and its
spatial pro� le becomes larger than the footprint monitor
detector window aslrem becomes very small as the conical

structure starts acting as a diverging element/ lens for the hot
electrons.

The results can be explained considering ballistic pro-
pagation of hot electrons through the target. The hot electrons
leave the rear surface of the target from an effective area,
w Deh 4

2�� �Q , where,D s l2 taneh rem eh�B� � � � is the diameter of
the area of hot electron emission from the rear side of the
target,seh is the diameter of the laser interaction area on the
front side and� eh is the half-divergence-angle of the hot
electron beam[35]. For � at foils, Emax

p increases with
decreasing foil thickness due to geometric effects as the hot
electron density on the rear surface increases asn w1eh eh�r

Figure 2. (a) Schematic showing the side-view(in x–z plane) of the micromachined target,(b) is a microscope image of the front-side of the
micromachined target surface(top-view), and(c) shows the size(long axis) of the conical structure as a function of the number of machining
pulses.

Figure 3. Proton energy spectra from(a) � at foils of different
thickness and(b) micromachined targets(from 12.5� m foil) of
variouslrem as retrieved from the magnetic spectrometer.
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[9, 10]. In machined targets, the hot electrons originate not
only from the tip of the conical structure but from a larger
area around the tip including the wall surface, resulting in a
higher hot electron production with a larger angular diver-
gence[27]. Higher � eh acts adversely to increaseneh, result-
ing in similar (slightly lower) maximum proton energy from
micromachined targets compared to� at targets of equivalent
thickness. These observations are consistent with earlier
works of Matsuokaet al [27]. Previous studies have shown
that the transverse spatial pro� le of the sheath� eld on the
target-rear surface has a profound in� uence on the angular
divergence of the accelerated proton beam. Using numerical
simulations it has been shown that the diameter of the
resultant proton beam at the detector can be reduced, if the
transverse circular area of the sheath� eld on the rear side of
the target is increased[26]. With micromachined targets, the
laser interaction not only increases� eh, but also decreaseslrem

as the depth of the pit increases. However, if the product
remains at a constant value, the proton beam divergence
should not change, which can explain the beam pro� le
obtained from micromachined targets forlrem�� �6 � m. For
deeper pits(lrem�� �3 � m), the hot electrons need to travel less
distance to reach the rear side of the foil; therefore, the
effective area of hot electron emission(weh) is reduced,

resulting in more divergent proton beams. Table1 shows the
diameter of the hot electron sheath on the rear side of the target,
D as calculated using our model. We assume that the half-
divergence angle of the hot electron emission does not change
due to shallow pits. The values for electron divergence for
deeper pits are taken from[27]. It can be seen thatD remains
almost similar for shallow pits and the proton beam divergence
does not show much change. For deep pits(lrem�� �3 � m), D
decreases signi� cantly, that results in divergent proton beams.

4.2. Structures on 3 � m thick foils

The results of proton acceleration from targets machined from
3 � m thick Al foils are shown in� gure5. The proton energy
spectra(averaged over 5 shots) from � at targets and micro-
machined targets are shown in� gure 5(a) for various pit
depths(d) of the conical structure. AlthoughEmax

p shows a
slight increase for shallow pits(d�� �0.2� m), this method
does not seem to boost the proton acceleration signi� cantly
along the target normal direction(black triangles in
� gure5(b)). However, for shallow pits(d = 0.1–0.5� m), the
angular divergence of the proton beam is observed to be
reduced by a factor of about 3 compared to� at foils (red
circles in � gure 5(b)). The error bars here represent the
standard deviation of the data set as obtained from three

Figure 4. (a)–(c) Show spatial pro� les of proton beam obtained from� at foils of different thickness,L (top panel). Beam pro� les acquired
from micromachined targets of differentlrem are shown in(d)–(f) (bottom panel). L andlrem for different targets are labelled accordingly.

Table 1. The diameter of the hot electron sheath on the rear side of the target(D) as calculated using a simple model considering ballistic
propagation of hot electrons for targets machined from an initial thickness of 12.5� m.

Targets seh (� m) lrem (� m) � eh (� ) D (� m)

Flat foil (L�= �12.5� m) 3.7 12.5 40 24.7
Machined(shallow pits) 3.7 11 40 22.2
Machined(moderate pits) 3.7 6 50 18
Machined(deep pits) 3.7 3 50 10.9
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different targets and laser shots. The spatial pro� le of one such
proton beam is shown in� gure5(c) measuring a beam diver-
gence of only 2° (± 0.3°) (FAHM), whereas the divergence is
5.9°(± 1.1°) (FAHM) for 3� m thick � at foils (� gure 5(d)).
Targets machined from thicker foils(12.5� m) having similar
pit depths are not very productive in reducing the beam
divergence, indicating that a particular aspect ratio of the con-
ical structure is needed for this effect. Deeper pits(d > 2 � m)
machined in the 3� m foils make the proton beam divergent,
similar to the behaviour exhibited by machined targets from
thicker foils. Table2 shows the values of the extension of the
sheath� eld,D as calculated using our model for different target
parameters. For deep pits,D decreases slightly compared to that
obtained with� at foils, which results in a small change in the
proton beam divergence(see� gure5(b)). For shallow pits on
3 � m foils, D can increase by a factor of three compared to� at
foils if � eh�> �75°, which can results in a three fold reduction in

proton beam divergence. However, the hot electron divergence
as measured in[27] is well below this estimated value. More-
over, we have observed in section4.1 that the results can be
explained if� eh remains same to that of� at foils for shallow
pits. Further investigations are needed to understand the effect
of reduction of proton beam divergence as the hot electron
recirculation may play an important role in shaping the trans-
verse distribution of the sheath� eld for such target geometries.

To investigate the qualitative energy distribution of pro-
tons within the beam, we have used a stack made up with� ve
layers of CR-39(25 mm�× �25 mm× �100� m) plastic sheet.
Energetic protons when is passed through CR-39, permanent
tracks are formed and is used to detect protons. Proton deposits
most of its energy at the Bragg peak; hence a stack of CR-39
provides energy resolved spatial pro� les of the beam. The stack
is placed on the rear side of the target foil, approximately 2 cm
away from the target surface and is covered with a 13m�N thick
Al-foil for shielding. For� at targets, protons are found to be
distributed symmetrically where the most energetic protons are
located at the central region around the target normal, which is
consistent with several experimental studies. However, the
distribution is skewed for machined targets and the most
energetic protons are found to be shifted from the target normal
towards the laser direction by about 20� . The � ndings are
consistent with earlier works of Matsuokaet al [27]. The effect
could be because of the combination of the denting of the target
due to theJ�× �B force[36, 37] and the geometry of the conical
structure.

Figure 5. (a) Average proton energy spectra as obtained from� at foils(3 � m thick) and machined(from 3� m thick foils) targets of different
pit depth.(b) Maximum proton energy(Emax

p ) as derived from the spectrometer(black triangles) and angular divergence(FAHM) of the
proton beams as detected in the footprint monitor(red circles) for different pit depth,d. The dotted lines correspond to the reference for� at
targets(d = 0). (c) Shows the beam pro� le obtained from micromachined target when the pit depth,d�� �0.15� m and(d) is a representative
spatial pro� le of the proton beam from reference� at targets(3 � m thick).

Table 2. The diameter of the hot electron sheath on the rear side of
the target(D) as calculated using the simple model presented in
section4.1 for targets machined from an initial thickness of 3� m.

Targets seh (� m)
lrem

(� m) � eh (� ) D (� m)

Flat (L�= �3 � m) 3.7 3 40 8.7
Machined(shal-

low pits)
3.7 2.8 40 8.4

Machined(deep pits) 3.7 0.8 50 5.6
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5. Conclusion

We have carried out experimental investigations on proton
acceleration from laser-machined structured targets. In order
to exploit the inherent advantage of self-alignment of the
target, the same focusing geometry is used for machining the
target as well as for the accelerating laser pulse. Conical pits
of different aspect ratios are micromachined at the front side
of Al foils of initial thicknesses 12.5 and 3� m. Even for the
deepest pits, in the thicker foil, the width of the structure at
the front surface is found to be within four times the diameter
(FWHM) of the laser focal spot in vacuum. Proton accel-
eration results from micromachined targets of various
remaining thicknesses are compared with� at targets of
equivalent thickness. Micromachined targets from an initial
thickness of 12.5� m do not result in improved proton accel-
eration in terms of maximum energy compared to� at Al foils
of equivalent thickness. Furthermore, the spatial pro� les of the
proton beams are observed to be similar to that obtained from
� at foils forl L 2rem �2 , but the beam becomes very divergent
for l L 2rem �� , which is attributed to the narrower transverse
spatial distribution of the hot electrons on the rear-surface.
On the other hand, shallow pits on the front side of a 3� m
thick Al foil are found to be effective in reducing the angular
divergence of the proton beam by a factor of three, without
affecting the maximum proton energy. In addition, a slight
increase in the maximum proton energy is observed for these
targets compared to unstructured� at foils. Targets machined
from thicker foils with similarlrem (> L/ 2) do not result in
such a reduction in proton beam divergence, indicating that
the aspect ratio of the conical structure,d/ 2rp (see
� gure2(a)) also has a bearing on the angular divergence of
the accelerated proton beam. A certain geometry of the pit
structure(lrem�� �L/ 2 and d/ 2rp�� �0.1) on 3� m foils is
found to be effective in improving the proton beam quality.
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