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1 Laser-driven proton sources and applications

1.1 Laser-driven Proton sources

For several years laser-driven proton acceleration —or ion acceleration- has been studied
and mostly at the level of proof-of-principle experiments' and many theoretical models
have been proposed for its interpretation?. Most of the experimental results have been
obtained by using ps long pulse lasers (Nd-YaG). The advent of the Ti-Sa laser have
reduced the laser pulse duration of three order of magnitude thus allowing to reach the
same intensities with lower energy. Now with the relative high repetition rate of VEGA is
time to start considering users close to their final applications. Probably one of the most
relevant technological applications of modern laser systems is the acceleration of protons
(or other ions®) in the two limits of ultra-low emittance high energy* or high emittance at
moderate energy. The physics of the proton/ion acceleration has been studied over more
than one decade®. It has a number of potential applications, and so a number of potential
users. Among those applications, probably the most relevant group are the medical
applications, such as ion beam® therapy?. The medical community is giving a high degree
of recognition to proton and ion beams as a new tool in tumour therapy® named proton

"H Daido, et al., Review of laser-driven ion sources and their applications, Reports on Progress in Physics
75 (2012) 056401

ZA. Macchi, M. Borghesi, M. Passoni, lon acceleration by superintense laser-plasma interaction” Reviews of
Maodern Physics, volume 85, (2013)

AV Korzhimanov, et al., Production of multiply charged ion beams with an energy of tens of MeV/nucleon
by ultrahigh-power laser radiation for nuclear physics problems, Quantum Electronics 43 (2013) 217-225.
Although in this paper they are proposing the use of circularly polarized 8 fs pulses.

*T E Cowan, et al_, Ultra-low emittance, high current proton beams produced a laser virtual cathode sheath
accelerator, Nuclear Instruments and Methods in Physics Research A, 544 (2005) 277-284.

® V T Tikhonchuk, Physics of laser-assisted ion acceleration, Nuclear Instruments and Methods in Physics
Research A, 620 (2010) 1-13.

® Sh Kawata, ef al,, Laser ion acceleration toward future ion beam cancer therapy —Numerical simulation
study- Laser Theraphy 22 (2013) 103-114.

" U Masood at al, A compact solution for ion beam therapy with laser accelerated electrons, Applied Physics
B, Lasers and Optics, 2014.

U Linz and J Alonso, Physical Review Special Topics — Accelerators and Beams, 10 (2007) 094801.
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therapy®, and the feasibility of laser accelerators'®"" for this purpose is considered'? '.

Regarding laser-driven ion acceleration, we can make estimates of the maximum
proton/ion energy, conversion efficiency, shape of the energy spectrum, etc. based either
on actual data or extrapolations (scaling laws), obtained in analytical models, PIC
simulations, or experimental measurements. There are a few fs lasers around the world
preparing or doing such experiments'*- and there is a lot of different configurations for that.
Experimental results obtained by Ogura' and collaborators in 2012 can be used as
“reference case”. By using 7 Joule energy, 40 fs laser pulse duration 1021 W /cm2 and
irradiating targets of 800 nm thickness, they reported proton energies up to 40 MeV. The
physics of proton acceleration depends on many parameters but the laser intensity seems
to be the most important indeed all the scaling laws confirm such behaviour',

p— protons

& : ~

L]

target

neutrons

Cartoon of the solid target experiment giving accelerated particles.

We must bear in mind that the estimation of achievable parameters in laser-driven ion
acceleration is complicated by the inherent complexity of the process and the variety of
mechanisms that operate at each stage of the interaction, starting from the initial
ionisation, plasma formation, absorption of the main pulse energy, plasma evolution, and

° AR Smith, Proton therapy, Physics in Medicine and Biology, 51 (2006) R941

'° A Maksimchuk, et al., High-energy ion generation by ultrashort laser pulses, Plasma Physics Reports, 30
2006) 473

g1 K W D Ledingham, A vision for laser induced particle acceleration and applications, Hyperfine Interactions
171 (2006) 69

125V Bulanov and V S Khoroshkov, Plasma Physics Reports 5 (2002) 453

¥ D Habs, T Tajima, and U Koster, Laser-Driven Radiation Therapy, in Current Cancer Treatment: Novel
Beyond Conventional Approaches, O. Ozdemir (Ed.), (Intech, Rijeka). 2011.

s Agosteo, The LILA (laser induced light ions acceleration) experiment al LNF, Nuclear Instruments and
Methods in Physics Research B, 331 (2014) 15-19. These authors are using the laser FLAME at Frascati,
very similar to VEGA-2, but a bit more powerful.

> K Ogura, et al., Proton acceleration to 40 MeV using a high intensity, high contrast optical parametric
chirped-pulse amplification/Ti:sapphire hybrid laser system, Optics Letters 37, (2012) 2868.

'® M Carrié, et al,, Effect of femtosecond laser pulse duration on thin foil accelerated protons, Nuclear
Instruments and Methods in Physics Research A, 620 (2010) 36-40.
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finally ion propagation.

Usually it is difficult to identify a dominant regime, and often several regimes are present at
different stages of the interaction. A possible classification of the different schemes can be
done by considering separately laser-solid and laser-plasma interaction.

Laser-solid interaction

Target normal sheet acceleration (TNSA)

This is the most common methods which has been tested experimentally during the last
two decades. In this scheme the laser beam interact with an opaque target in the so called
skin layer region. Protons (which are present, as impurities on both sides of the target ) are
accelerated by the quasi-static electric field generated by the hot electrons escaping the
rear surface of the target. For that maximum proton energy depends linearly on the hot
electron temperature which scale linearly with the square root of the laser intensity. TNSA
protons are characterized by a broad exponential decreasing spectrum with a
(experimentally proved) high energy cut-off of about 60-70 MeV. TNSA scheme have
been tested over a wide range of target thickness (1-100 microns) and laser pulse duration
(40 fs - 1 ps) and with respect to this, recently, it has been shown that the best TNSA
performance can be obtained by using 100 fs long pulsesl7. However, as explained
before, the results obtained by Ogura et al in the reference of the previous page are
encouraging for testing some TNSA-related models like the strong charge separation and
the coulomb explosion at the CLPU centre.

Radiation Pressure Acceleration (RPA, laser piston)

This scheme has been extensively studied both theoretically and experimentally. WWhen a
high-intensity (~PW) laser pulse with sufficiently large focal spot interacts with a thin foil
(“light sail” regime), the radiation pressure can push forward the electrons of the foil. The
consequent charge separation field (the ions respond slowly) efficiently accelerates the
ions. The same mechanism can be achieved even for thicker foils ( “Hole boring” regime )
on condition to use circular laser polarization which can inhibit electron heating due to the
JxB force. Providing at least one PW RPA mechanism could provides proton up to 100
MeV and ions up to 350 MeV with a few per cent of energy spread. The extreme
requirements of this mechanism (high intensity > 10 W/cm?, high laser contrast > 10"
and very thin targets ~ few tens of nm) place him among the challenges for the system PW
VEGA-3

— Transparency regime: Break-out afterburner (BOA)
This mechanism represents the transition between TNSA and RPA. because it has the

same requirements as RPA at lower laser intensities (> 5 1019 W/cm2) with linear
polarization. when ultra-thin foils are used as targets, the expansion of the foil may lead to
the onset of transparency during the short-pulse interaction, when the electron density fall
down till to the limit value which is given by the relativistic critical density. At the moment

1 Tochitsky et al., “Summary report of Working Group 6: Laser-plasma acceleration of jons” AIP Conf. Proc.
1507 (2012) 231
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the higher proton kinetic energy has been obtained experimentally in this regime at the
Trident ( Nd-Yag 150 TW contrast > 1010 over 100 nm CH2 target ).

Laser-plasma interaction at near-critical density

Gas target is an alternative to solid foil. Indeed it can operate at high rep. Rate, it is easily
adjustable for target density and material, and it also less susceptible to the laser pre-
pulse (i.e you do not need high contrast).

— Shock Wave acceleration and hole boring

Recently 20 MeV mono energetic (energy spread of few per cent) proton beam has been
obtained by the interaction of a linearly polarized 5 TW CO; laser with H, gas jet (the so
called SWA)™ ™. In this scheme the combined effect of the laser heated electrons and the
plasma density gradient (near the critical density) create a local temperature and density
discontinuity which induce the formation of an electrostatic shock. This shock during
travelling in the target overtakes and reflect the protons accelerating them to twice the
shock velocity. In a similar configuration few MeV protons have been generated via “hole
boring®®” acceleration. In this mechanism the laser-plasma interaction occurs due to the
piston action of the radiation pressure of the laser pulse which directly accelerate ions at
the interaction surface?'. These accelerating schemes were started to be investigated
using 1 mm lasers (which requires plasma with a maximum density of the order of 10%'/cc
i.e. the critical density) at LULI and on the Titan laser facility at Livermore.

It is important to point out that the optimal conditions for hole boring would be achieved by
using circular polarization to quench undesired electron heating and for linear polarization
HB may become the dominant mechanism at intensities exceeding 5 10%° W/cm?, as
suggested by a theoretical argument. Different mechanisms tend to produce different
proton spectra, in some cases this can be very relevant?.

1.2  Proton Stopping Power in plasmas

The measurement of the energy loss of light ions in a warm dense plasma, where
significant theoretical uncertainties on the stopping power are reported due to electron
degeneracy and coupling and experimental data are missing. The understanding of ion
stopping in this regime is of great interest both from a fundamental scientific point of view
and for the modeling of inertial confinement fusion plasmas. The considered projectiles are

BE Haberberger et al, “Collisionless shocks in laser-produced plasma generate monoenergetic high-energy
proton beams ” Nature Physics, 8 (2012)

' M.Gauthier, et al. Investigation of longitudinal proton acceleration in exploded targets irradiated by intense
short-pulse laser Physics of Plasmas (1994-present) 21, 013102 (2014),

2 £ D'Humieres et al., “Investigation of laser ion acceleration in low-density targets using exploded foils”
Plasma Physics and Controlled Fusion 55, 124025 (2013)

2TA. Macchi, “Theory of Light Sail Acceleration by Intense Lasers: an Overview”, High Power Laser Science
and Engineering 2, €10 (2014)

2 Tung-Chang Liu, et al., Generation of quasi-monoenergetic protons from thin multi-ion foils by a
combination of laser radiation presure acceleration and shielded Coulomb repulsion, New Journal of
Physics, 15 (2013) 025026/16
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quasi-monoenergetic light ions created from a D3He “exploding pusher” capsule imploded
by 6 LMJ quads. The probed warm dense plasma is created by the isochoric heating of a
thin low Z material located inside a metal-coated plastic cavity by X-rays driven by 6 other
LMJ quads. Temperatures close to 30 eV at solid density are reached, corresponding to a
target electron coupling of ' ~ 0.3 and an electron degeneracy q ~ 2. The energy spectra
of the ions that passed through the target are recorded with the SEPAGE charged-particle
spectrometer. The target conditions are probed with Thomson scattering technique by
using K-alpha radiation induced by heating of a back-lighter foil with the PETAL beam. The
scattered spectra are measured with the HRXS spectrometer. Proton imaging of the target
with radiochromic films also enables to diagnose the electron density as well as the
electric and magnetic fields in the target.

WDM

The study of plasmas at extreme densities is a fundamental branch of modern plasma
science that can be relevant for astrophysics, for nuclear fusion technology and to get new
conceptual states of matter.

Ultra-high-intensity proton and ion beams can be used as sources for fast ignition in laser-
induced fusion. Although the beam parameters needed for this application are very far
from being achieved, and even further from the scope of CLPU, experiments with the
VEGA system may contribute to tackle some of the requirements of this application, i.e.
heavy ion acceleration, limited bandwidth, ion energies of the order of 25-40
MeV/nucleon, and high conversion efficiencies.

The collimation or focusing of ions can be applied to the fast isochoric heating of dense
plasmas for the equation-of-state measurement and characterization of matter in extreme
conditions (e.g. Warm Dense Matter, for planetary science and astrophysics). In this
experiment, the sample thickness should be less than the distance of the Bragg peak from
the surface. Thus uniform heating of a dense plasma with thickness of a few um can be
achieved, which is advantageous compared with optical laser heating. In experiments
performed so far, a second ultra-short laser pulse was used to produce X-rays for
spectroscopic measurements or scattering in Warm Dense Matter.

VEGA-3 can also be used (at lower intensity and on a larger focal spot) for conventional
optical laser “large volume” heating experiments which could also provide uniform plasma
heating thus avoiding 2D effects

Degenerated Plasmas

lon stopping in dense plasmas is an important topic in various fields of modern physics
that is still far from being completely understood. It plays a central role in Inertial
Confinement Fusion (ICF) for the target self-heating by alpha-particles that triggers ignition
and thermonuclear gain [Hurricane2016], and it is even more crucial for target heating
schemes using ion beams as main drivers like heavy-ion fusion or ion-driven fast ignition.
lon stopping in plasmas is also essential in high-energy-density physics for the generation
and the characterization of Warm Dense Matter (WDM) [White2012], in astrophysics as
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well as for plasma diagnostics using ion beams [Golubev1998, Mackinnon2006,
Volpe2011, Rygg2008]. Moreover, a detailed understanding of the ion-stopping processes
is relevant for other related transport properties based on Coulomb collisions in plasma,
like electrical and thermal conductivity or temperature equilibration [Gericke2002a,
Haun2002]. Except in very hot burning ICF plasmas, the ion stopping power is only due to
the target electrons. The electronic stopping power reaches a maximum when the
projectile velocity is nearly equal to the thermal velocity of the plasma electrons (vp ~ vth).
This peak in stopping power leads to the Bragg peak where a large proportion of the ion
energy is deposited into a small target volume. Depending on the dominant Coulomb
collisions involved in the beam-plasma interaction, different theoretical models can be
used for the stopping power [Cayzac2015]. For high velocities vp >> vth, standard
perturbative models wusually apply and are supported by experimental data
[Hoffmann1990, Dietrich1990, Frank2013]. For velocities approaching the stopping-power
peak vp ~ vth the beam-plasma coupling becomes important and the theoretical
description of the stopping power is difficult since it requires to account for the effects of
both close binary collisions and collective plasma excitations. Consequently, large
discrepancies appear between the predictions of different stopping-power models
[Cayzac2015, Gericke2003, Edie2013]. Experimentally, investigating the regime vp~vth is
challenging, especially due to a strong stopping power dependence with temperature and
density, requiring a precise characterization of the target conditions.

The theoretical modelling of the stopping power is even more challenging when the
plasma target features electron coupling (non-ideality) and electron degeneracy. Electron
coupling and degeneracy are quantified by the dimensionless parameters [ and q
respectively, a being the average distance between the electrons and EF the Fermi energy
of the free electron gas.

e e? 0= kae
a(k, T, + Ep) Eg

Electron coupling (for I > 0.1) and degeneracy (under q < 10) are expected to significantly
influence the ion collisions with the plasma electrons, and thus the stopping power in
coupled and degenerate plasmas concern WDM targets in general and especially in ICF in
the cold and dense deuterium-tritium fuel surrounding the hot spot. The knowledge of
particle transport properties in such targets is required for guiding and interpreting
experiments involving WDM targets generated by ion beams, for example for equation-of-
state investigations, and especially for better understanding the mechanisms leading to
ignition in ICF targets More generally, it has fundamental implications for non-equilibrium
statistical mechanics and the underlying atomic processes. However, until today, ion
stopping in WDM conditions remains largely unknown and very large discrepancies, of up
to 50% or even more are reported between the theoretical predictions [Zwicknagel1999,
Gericke2002b, Deutsch2014, Hayes2015, Edie2013] and experimental data are highly
needed to benchmark the models. As shown in the previous references, differences
between various stopping power models are largest around the stopping power peak vp ~
vth. Precise ion-stopping measurements typically require “pump-and-probe” experiments
with well-characterized ion beam and plasma target conditions. The ion “probe” should be
as mono-energetic as possible and can be provided by an accelerator source or by laser-
induced nuclear reactions. A WDM sample can be produced via different heating
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mechanisms (the “pump”): i) direct laser irradiation (mostly used with femtosecond pulses,
leading to strong density and temperature gradients), ii) ion beam irradiation (uniform
heating in most of the target volume as the majority of the energy is deposited at the Bragg
peak), iii) X-ray irradiation (uniform volumetric heating but low conversion efficiency). The
latter method provides uniform plasma samples but requires more laser energy due to the
conversion of laser beams into X-rays. Kilojoule and Megajoule facilities are best suited for
this type of target heating method.

In the context of WDM studies, a recent experiment [Zylstra2015] was performed at the
OMEGA laser facility using monoenergetic protons created from DHe3 exploding pusher
targets as projectiles, probing a warm dense beryllium sample isochorically heated by X-
rays and featuring I' = 0.3 and q = 2. In that work, the high-velocity stopping regime was
probed using 14.63 MeV protons, with a corresponding velocity ratio vp/vth > 10 for which
differences between theoretical stopping power predictions are small. The results were in
agreement with well-established high-velocity stopping formalisms and did not allow to
discriminate between classical and quantum stopping power models. Moreover, the
plasma parameters could not be directly measured and were instead deduced from
previous similar experiments.

1.3 Proton Radiography in PLASMA

(1) INTRODUCTION:

Transverse point projection Proton Radiography (PR) [1] has been used to measure the
target density during the compression in many ICF experiments. Proton beam source can
be generated by fusion products in exploding-pusher implosions of D3He-filled glass-
shell, providing monoenergetic beam with energy ~15 MeV [2,3] or by Laser-target
interaction providing multi energetic beam with a Peak energy ~ 50 Mev [4,5]. Laser
based protons are characterized by small source, high degree of collimation and short
duration. The multi energetic proton spectrum also allows probing the implosion at different
times in a single shot, thanks to the difference in time of flights for protons at different
energies. This is a clear advantage over other diagnostics (e.g. hard X-ray), which require
several shots in order to follow the complete implosion history. PR using laser-generated
protons, and radiochromic films (RCF) as detectors, has already been used in
experiments at Rutherford Appleton Laboratory (RAL) [6] to probe the implosion of a
spherical shell; experimental results were analyzed and compared with MC simulations.
However, the analysis done in [6] is based on the usual approach to proton imaging, in
which, the proton energy loss during the target penetration is neglected assuming a direct
correspondence between time of flight and stopping range of proton inside the detector.
This approach has proven to be very successful in the detection of electric and magnetic
fields in plasmas [7,8] but, as we will show in the following, it fall if applied to a the typical
ICF conditions in which protons penetrating thick and dense targets suffer severe multiple
scattering (MS) and energy losses. These effects have previously been considered in
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static PR by Roth et al. [9], but acquire a new and deeper meaning in our dynamic
situation, bringing to mixing of the images formed by protons with different energies. This
implies a more careful analysis of RCF images, dropping the simple layer-to-time
correspondence, and requiring detailed comparison with computer simulations. WWhenever
such analysis is done, we get a good agreement between experimental results and hydro
simulations. Starting from conventional point of view, in ref [6] the authors associated on
RCF layer to a given probing time, and actually restricted most of their analysis to one
layer only. In this way they oversimplify the physical interpretation. The low density and
hot temperature plasma corona play a fundamental rules in formation of image on detector
due to the relative low proton energy because of SP in plasma is higher than that in solid
target. PR technique has also been used in next experiment at RAL in 2008 to study fast
electron propagation in cylindrical compressed target [10,11]. Starting with the new point of
view reported in this paper we performed a more accurate analysis of the proton
radiography experimental results. The results are under publications [11]. Here a basic
review of the classical scheme of PR is presented, discussing on the principal
phenomena, such as the SP and the MS, which could affect PR performance changing
the physical state of the medium. These phenomena are connected to the variation of
parameters (density, temperature and ionization degree) during target implosion. Target
implosion can be divided in three spatial regions: (I) the plasma corona (large size) low
density, high ionization and high temperature (lI) the shocked region (small size) high
density medium ionization and low temperature (lll) the unperturbed target (medium size)
solid density. Hydrodynamical code CHIC [12] has been used to produce density,
temperature and ionization degree profiles which have been used as initial condition for
PR MC simulations. MC code MCNPX [13] has been adapted to describe MS, plasma
effects on SP and 3D simulations is performed in order to reproduced the complete
hydrodynamical history of the imploding target. We also show that MS effects are
dominant in (1) and (ll) regions and we develop a simple analytic formula to study the
performance of PR as a function of initial experimental parameters in that regions.

(Il) PROTON RADIOGRAPHY

Proton radiography set up, for a typical ICF [6,10] experiments, is shown in fig. 1 in which
a point-like multi energetic proton source is used to probe a cylindrical target. Protons with
different energy probe the target at different time and deposit their energy at different
position inside the detector. The detector is made by a series of active layers (RCF)
positioned in a stack one after each other; the measured optical density on each RCF
active layer is proportional to deposited energy [14]. Thanks to the Bragg peak proprieties
protons deposit most of their energy at the end of its travel inside the detector then we can
arrange the position of the radiochromic films inside of the stack so that each film collect
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the energy range carried on by protons corresponding to defined stage in the target
hydrodynamic evolution. Considering all the RCF it is possible to obtain a series of images
to the imploding target relative to different implosion times. The covered time range is
related to the energy range and to the distance between proton source and probed target.
As example let us assume the following experiment condition distance between source
and target~1 cm energy range from 1 to 10 Me'/ the covered time range is about 500 ps.
The theoretical magnification of the system is M={d + L)/d~4.5.

Fig. 1 : Schematic of the proton radiography setup

() NUMERICAL SIMULATION

MNumerical simulations are necessary in order to reproduce and to give a correct
interpretation of the PR experimental results and to study experimental set up for next
experiments.

The simulation processes consist in two different steps in which we use consequently
Hydrodynamic CHIC [12] and Monte Carlo MCNPX [13] codes.

(giee) gicc
12

8

9 6
6

2

I (b)

lo

Fig. 2 : Densty and tempersture 2D maps obtained munning chic code to reproduce the cylindrical
compression performed at RAL laboratory in 2008 [10,11] (&) target fill with 1 g/cc plagic foam (b) target fill
with 0.1 glce plagtic foam.

a) CHIC hydro simulations: Starting from laser proprieties {pulse duration, intensity and
frequency), target composition and target geometry (planar cylindrical, spherical) we
simulate the hydrodynamical evolution of the compressed target obtaining 2D or 3D
density, temperature and ionization degree maps (see fig. 2). As example we show in
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Fig.2 simulations performed for the RAL-08 experiment set up [6].

The CHIC code includes hi-dimensional axisymetrical hydrodynamics based on a cell-
centered Lagrangian scheme, electron and ion conduction, thermal coupling and detailed
radiation transport. In our case, the ionization and opacity data are tabulated assuming a
local thermodynamic equilibrium {LTE), depending on the plasma parameters. The
equations of state implemented in the code are based on a QEOS model [15] or SESAME
tables [16].

b MC simulations: we extract the profiles from density, temperature and ionzation degree
2D (or 30) maps in order to implement target design in to MC input file. MC code input file
require also the geometrical configuration of the experiment {chamber and detector
design) and the spatial and energy distribution of the proton beam used to probe the target
(see section proton energy spectrum).

_ 3 RCF stack

Point like Target i

Proton profiles

source G-

4'.‘ - ‘ =
s hlﬂ‘
| =
| | k i
| | > L1
| d L |
|« onlig -

Fig. 3 : representation of the MCNPX input file

MCNPX is a generakpurpose Monte Carlo N—-Particle code that can he used for neutron,
photon, electron, protons and other paticles transport. The MC code is able to reproduce
the experimental set-up in all its relevant parts: the proton source (energy spectrum and
spatial distribution of the proton source obtained from RCF analysis), the target and
detector characteristic {material compaosition, density profile and geometry). SP of protons
in the target is described by using Bethe's theory [17] while MS effects are described by
Rossi's theory [18]. Simulations of image formations were finally done as follows: i) YWe
assume a time sampling of hydro profiles {density, temperature and ionzation degree
(Fig. 3. iy For each hydro time, we run a MC simulation using the relative proton energy
and protons number (see section [, calculating the energy deposition in each RCF layer.
Each hydro-time corresponds to a different time-of-flight of incoming protons, i.e., to a
different proton energy (The total number of pardicle {normalized to 1) used in all
simulations must be equal to 1). However, here we consider the energy deposited hy such
protons in all RCF layers and not only in the one corresponding to the Bragg peak of the
emitted protons, asit is usually done (of course, images will he formed only in RCF layers
hefare that corresponding to the initial Bragg peak and in this one). iii) The full proton
spectrum is covered running different simulations changing hydro times (i.e. The hydro
profiles). In this way, for each RCF layerwe get a series of mono-energetic, ficed-time, 2D
images. iv) Finally for each RCF layer, we sum all images at different times. In thisway the
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resulting images on each layer will contain the contribution of all the protons of the beam,
which probed the target at different times (depending on their energy). As just explained
before SP and MS effects must be considered in order to obtain a good agreement with
experimental results.

plasma effects: Here we introduced some modifications in order to account for the
differences between Bethe's theory and the actual SP in plasmas. Such “plasma effects”,
connected to the variation of parameters (density, temperature and ionization degree)
during target implosion, must be taken into account comparing MC simulations with
experimental data and hydrodynamic simulations . Indeed, there is a significant region in
the imploding target (plasma corona) in which the temperature becomes very high (T ~ 1
keV) which implies a large number of free electrons (ionization degree) with respect to the
bound electrons and a correspondent enhancement of SP. Conventional MC codes as
MCNPX, FLUKA, SRIM, do not take into account such effects because were built to
describe particle transport in cold matter (i.e temperature and ionization effects are not
taken into account). A number of theoretical studies on ion beam interaction with plasmas
are found in literature [19] and an experimental proof of the increase of the ion SP in
ionized target material has been obtained in ref [20]. A self-consistent theory of energy
loss of ions in plasmas is given by means of the Vlasov-Poisson equations [19]. Our
analysis is developed within this framework (it is important to point out that there exist
many other approach which lead to the same results, see for example [21].) and leads to
the following formula for SP in partially ionized plasma (all the details are shown in
Appendix ).

where Lf and Lb are respectively the free and bound electrons terms (egs. A2 and A5).
Eq. 1 represent the energy loss by protons with energy Ep(MeV) passing through partially
ionized plasma with atomic and mass number Z A, density r(g/cc) and ionization degree qi.
The temperature effects are taken into account by the term Lf which is a function of T(eV).
The general equation in (1) lead to the Bethe SP formula [17] when gi becomes 0
) [d—E} =1.23-10‘9£1n[2149ip}

dx |, X I
and lead to the Bohr SP formula [22] when qi becomes equal to Z

AE3
2358 £
qlp

Comparison between Bethe and Bohr formula is shows in Fig.5(a) as a function of proton
energy for the same material (Mylar), temperature T=1 keV and density r = 0.1 g/cc. This
difference showed in Fig.5(a) is principally due to the fact that free electrons are excited
more easily than bound ones and it seems that it occurs predominantly for low density
regions (e.g. r<1 g/cc). It is important to note that egs. 1,2,3 are valid only in the classical
free gas approximation (eqs. A11 in the Appendix), i.e for low density and high
temperature as showed in Fig. A1. One simple way to include plasma effects without
changing the code in MCNPX is to replace the “real” density profile (Fig.6) rh given by
hydro simulation with an “effective” profile re calculated by imposing
g the SP used by MC code (eq. 2) to be the same as the one which takes place in plasma

(3) {ﬁ} =1.23.10° 2L 1y
d |, AE,
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(eqg. 3) in the region where the classical free gas approximations are satisfied.

W[ £] 6= E] o

dx

The effective density depends on the hydro density through a factor h which depend on
the density, temperature and ionization degree of the plasma and on proton energy Ep.

S A IE _1_1 Z-g;
(5) p. =npp:1 = Z[Lb e ]
Note that in the low density plasma corona region (fully ionized plasma qi=Z) eq. 5b
becomes h~Lf/Lb which imply that if Lf>Lb then h>1 and re>rh according with Fig.5(a)
and with experimental results obtained in ref[20]. On the other hand , in the solid target
region (qi=0) eq. 5b becomes h=1 which imply re=rh.

The above mentioned method affect also the estimation of the MS by the MC code
introducing a magnification factor in the Rossi formula implemented in the code (the Rossi
formula was obtained in plasma configuration). We calculated the error due to the
magnification factor which is almost everywhere less than 10% of the SP coefficient. In

(a) (b)
!t High temperature low densty
|
il

—Warm Matter :
~Cold Matter I
1
iR
o - 1
(T
i

i
I 1
om . Solid wdmy

8 E

plg/cc)

= v o= oo
s 8
8 8

dE/dx(Mevicm)
8

\ . Effective density p,
200] \ \ Shei
100 N\

eal densiy i |

0246810121 16E(1h:aevz]u © oW ow :;;(”m):'r
Fig.5 are shown two different profiles obtained running MC simulation once with original
density profile (rh). and the other with the modified one (re).
Fig 4: (a) Proton stopping power in cold matter (eq.2 line below) vs Proton stopping power
in plasma (eq.1 line above) as a function of proton energy at the same material (Mylar),
temperature T=1 keV and density r= 0.1 g/cc. (b) real density profile rh compared to
effective density profile re. (c) MC simulation of proton energy deposition in layer
corresponding to a Bragg peak for Ep=3.2 MeV using real density profile rh (line above)
and using effective density profile re (line below).
Proton energy spectrum: One of the most important ingredient for the MC simulations input
file is the spatial and energy distribution of the initial proton beam. This essential
information can be obtained by measuring the energy deposited in each RCF layer for a
shot in which the cylindrical targets is removed (i.e., protons traveling undisturbed). We
had uncertainties deriving from shot-to-shot variations in energy and angular distribution of
emitted protons. In particular, following [23] and assuming z as the propagation direction,
the energy deposited in the kth RCF layers (eq. 6) is given by the convolution of the
energy deposition curve B(zkx,y,E) (characterized by the presence of the Bragg peak)
and the proton energy distribution P(E,x,y) (where x,y are placed in the plane normal to z).

(6) Sy (x, y) - LEW BA:;_ (x, ¥, EP )P(x, b Ep )dE BA:,( = J;:k B(z,x, B Ep )dz

Assuming a discrete energy spectrum according to energy discretization emerging from
RCF configuration (the finite number of RCFs layers gives us informations about finite
value of energy only) we can approximate the integral in eq. 6 obtaining a matrix system

© rum)
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which can be inverted in order to determine the spatial and energy spectrum of the initial
proton beam. Fig. 5 shows the spatial integrated initial spectrum function P(Ei) as was
obtained solving eq. 6 for different energies which are related to different RCF layers
compared with the corresponding images for a shot without target “free shot”. The
“almost™ exponential form (trapezoidal) of the spectral function agree with typical spectral
function form obtained in proton acceleration experiments (see for examples ref[5,22]).
The spectral analysis of proton beam give us two fundamental informations: i) the
integrated (over a RCFs surface) energy spectrum (Fig.5) ii) the divergence as a function
of energy (the angular divergence can be calculated starting from the diameter of the
spatial profiles functions for each discrete energies and the proton source-detector
distance). These results are implemented as initial condition for the MC simulations
together with the density profiles obtained by CHIC code modified following the scheme
showed in the previous section (plasma effects)

P(E) §

y
[ e
\'----0----0..__"-

0 LIRS RELS M REas R BALS LALE RS RS LA
1 2 3 4 5 6 7 8 9 10 11 12

E(MeV)

Fig.5: Spatial integrated initial spectrum P(E) calculated inverting the matrix system obtained by the
approximation of eq.6 for the case of shot without cylinder.

A quantitative analysis of the energy and spatial distributions of protons after they are
passed through the cylinder has been done starting from RCFs images obtained by shots
with cylindrical target. The integrated energy spectrum of the proton beam after passing
through the cylinder show a consistent reductions of number of particle in the low energy
region (Ep < 4 MeV). This is due to the fact that proton with energy below that value of
energy overcome a maximum areal density of the order of 13 mg/cc which is the typical
mean value of the dense plasma core in our conditions. Multiple scattering effects: It is
important to perform an analytical evaluation of MS because it is really the main
responsible of the observed larger size of the proton images. This allows to evaluate the
right object size and also to evaluate the necessary conditions for getting good proton
radiographies. We can estimate the effect of MS on the detected size of the cylinder, by
defining the blurring factor as

E |1 ‘/A /em® \
() é=Lv 15=7‘ Z%;A=£p(x}dx
where A is a generalization of the areal density for cylindrical geometry (usually A is
defined as the product of the density times the longitudinal extension of the probed
material), L is the distance between the cylinder and detector and qis the mean angular
deflection of a proton with energy Ep traversing a material with density r, Es is a constant
=15 MeV and Lr is the radiation length:
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Eq 7 was ohtained by Rossi in [18] using a definition for the Radiation length which is
different from the one used today [24] so when using this formula, one must be careful to
take this difference into account. At each hydro time (i) the approximate size Di of the
image formed aon the kth layer will be convolution of the real size fi of the cylinder image
with the blurring coefficient xi

6) D= flanF +&?

Finally, the image formed on the layer k will have a size Dk given by the F\VWHM of the
image |k=Sili k obtained by the convolution of all the images Ik,i.In principle egs. 9 can he
inverted deducing the real size of the cylinder for each layer. In order to estimate MS
effect using the Rossi formula in eq. 7 we should calculated the areal density A (eq.7(c)).
The areal density is usually defined in planar target geometry as the product between the
density of the material (which is assumed constant) and the thickness of the target (along
the direction perpendicular to the target surface). If the density profile along the
langitudinal direction is not constant this agree with the so called Gaussian approximation
{the product of the peak density with the FWHM). In this experiment (and generally in all
ICF experiments) the cylinder density profile cannot be represented by a gaussian function
(see Fig.7) it is instead characterized by three regions: (1) the plasma corona, {low density
hut large size) (Il) the shocked region (high density short distance) (lll) the unperturbed
target (original target density). Hence the proton traveling inside the target will see the
value of the peak density only for short distance (~ 20 mm).

E(MeV)
12 21 22 38 46 55 64 72 81 69 98
1e+OJ Ll 1 "l 1 1
90044I () Corona ______
= 800;} A C—F=—
2 700 j (b) b— =
Lé 6007 \ - Dense core ™/
$ 5009\ s
T 4004 c) | =
3 2 (©)
w

number of layer

Fig. 6 estimation of cylinder size as a function of different layers {(mono energetic images for shot n® 9)
using Rossi's formula (eq.7) and assuming different definition of the areal density: {(a) Gaussian
approximation A=rL, {(h) numerical integration of density profile for protons traveling into the center of the

compressed cylinder 4"?”’:] (where rc is the core radius) , {c) numerical integration of density profile over all
space)‘[—"‘%”], (d) numerical integration of density profile in plasma corona region only A‘”:"-U"-,”].

In these conditions the Gaussian approximation leads to an overestimation of the blurring
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coefficient and the areal density must be calculated by detailed integration of the density
profiles (eq. 7(c)). Moreover in this experiment the produced protons had a relatively low
energy, the energy 10ss when they cross the target, and the multiple scattering effects are
therefore quite large. In particular the protons passing through the dense core of the
imploded target are scattered more than the protons passing through the external plasma
corona so the images on layers are mainly formed in negative by external protons. In this
case the areal density in Rossi's formula must be calculated by integrating the density
profile only in the plasma corona region (i.e. Considering extemal protons only). Fig 6
shows estimations of the cylinder size (FWHM) for a typical shot in RAL-08 experiment
[6,7] using Rossi's formula to calculate bluring coefficient and assuming  different
definition of the areal density A. The estimation based on the Gaussian approximation is
far from simulation predictions while the estimations based on numerical integration of the
hydro density profile are more precise. It is important to note that, as we have mentioned
hefore, for low energy (first layers) A must be calculated only in plasma corona region.

{IvY) PROTON RADIOGRAPHY RESOLUTION:

Strong condition: In this paper we have shown that the mechanism of PR in wamn dense
matter (ICF experiment) is quite different from that in cold matter due to the presence of a
large number of collisions. Mary MC simulations were made [6] but was never introduced
any criterion for measuring the resolution of proton radiography in ICF. Here we want to
define a crterion to estimate the resolution degree of the system starting from the
parameters and the experimental setup. To do this et us consider the experimental set-up
shown in Fig.7{a) in which a point-like proton source imadiates a finite size object
projecting its image on the detector. In principle, if the MS is negligible, the object will
appear transparent (i.e r=0) and the projected image size will appear enlarged by a factor
M (eq. Sh) which comespond to the geometrical magnification.

Maure

i
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'
.‘,;._-.';x.&-l._-__
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S
- 1
v
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E;:-?,:

[a) DETECTCR L (b)

§
i

Fig.7: (a) scheme of proton radiography resolution for "srong condition”. (b) schem e for "weak condition”

In particular, defining a generic distance between two points in the object d<, the projected
size on the detector becomes Dx=M dx. Nevertheless the effect of the coulomb MS is
never negligible and the protons passing through the object are deflect by a mean angle g
giving a mean displacement x=Lg which can be estimate using the Rossi's fomula in
eq.7. Therefore the projected image on the detector will appear enlarged by a factor m
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with respect to that would appear if there were no scattering (Dx) i.e by a factor mM with
respect to the initial distance (dx) (we start from eq.9 using Dx instead of f).

(10) ﬂ—@; E=¢M

Starting from the above considerations we can infer that the blurring coefficient must
remain less or of the same order than resolution that we would like to obtain dx in order to
avoid the crossover between different single proton trajectory and to prevent a
consequent loss of the initial spatial target information’s carry on by protons. The above
mentioned condition can be written in terms of blurring coefficient (i.e x/M is the resolution
of our system in analogy with Rayleigh’s criterion in optics.):

1) 0<E<s

or in terms of the a dimensional parameter m:

(12)1su<2

We refer to the above condition (eq.11 and 12) as the “strong condition”. If the strong
condition is satisfied we can use proton radiography in conventional way and the gray
scale obtained by the RCF analysis will be proportional to the density gradient of the
probed target. A simple estimation of the m parameter can be done considering the
protons passing through the dense core in RAL-08 case: the size of the core is ~60 mm
then we look for a resolution dx~20 mm; the blurring coefficient x/M can be estimated
assuming the maximum energy for protons (10 MeV), which are passing through an area
density A~0.05 g/cm2 and a magnification factor M=4.5. The result is m~7 which is larger
than the maximum value in eq. 12 confirming that for low energy protons the strong
condition cannot be applied because of they are not able to probe the dense core. On the
other hand, considering protons passing through the plasma corona, the areal density is
A~0.002 g/cm2 and at the same conditions we obtain m~2 which is a more reasonable
value. Fig.9 shows the mean scattering angle q vs. areal density for different proton
energy. Typical value for our experiment are shown. The maximum resolution obtained in
the region of the plasma corona at the RAL-08 experiment is about 20 mm due to the low
energy of the probed protons (< 10 MeV), while If we would like to probe a typical core
density target in omega [25] we need to use a very high energy proton energy (~ 250
MeV). The Grey region corresponds to the SP limit obtained by fitting simulations based
on the ions SP formula in eq.1. In particular we calculated the minimum energy required

for a proton to overcome certain areal density of carbon (Z=6 A=12) £, ev]-30lg on’]
Inserting the minimum energy into the Rossi formula for the mean scattering angle
(eq.7(a)) we obtain the maximum scattering angle for proton to overcome certain areal

density % =il an’ |, [er]- 19 (i.e protons with scattering angles lower than the maximum
will overcome the areal density).
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Figa: Mean scaftering angle o vs. areal density for different proton energies. xa) A~0.004 gicm2 proton
trajectory calculated through plasma corona and, xb) A~0.05 gicm2 trajectory through core for the present
experiment, xc) A~0.2 gicm2 trajectory (theory) for a typical Omedga target. If we assume d=L=1cm  (M=2)
we et the corresponding spatial resolution limits: ~20 mm, ~10 mm or ~1 mm. The grey region corresponds
tothe SP limit gmax~1.9°

weak condition: The above considerations suggest that proton radiography technique can
be used for ICF only under specific conditions which depends also by the geometrical
features of the experiment. As example let assume a very sharp target density profiles; as
just explained before protons which pass through the dense core are stopped or diffuse
while those which pass through the corona are deviated by a mean scattering angle which
could be acceptable. Thanks to the sharp profiles the differences in areal density between
the external and the internal protons becomes be very huge giving a high contrast an then
an acceptable resolution. Here we developed a criterion to estimate the resolution of the
system in the above mentioned condition as a function of the sharpness of the target
profile and we refer to this criterion as "weak condition". Let start assuming a 2D
supergaussian density profile {where g is related to slope of the distribution):

(5] 4,{r} m[-m["’;,”]

{where we have defined w=FWHM2 ). protons arriving by the x-direction will probe certain
density profiles Ay(g) as a function of their y position:

N 55 S xy
o) A= a[«.,tmqtm[-m[;) } A.[rl—PpLﬂ@[ w{3) }x
the resulting Blurring coefficient will be
Tefal) Tefal) [ wmafxY] . z_ 2. &

N oo~

Following the scheme in fig.16(b) The "weak condition" can be written as follows: (1) The
blurring occurring by protons passing through the plasma corona (region of the density
distribution outside the FVWHM Fig.8(b)) must be of the same order of the resolution
{dx=2hw) which we would like to obtain (the resolution must be a fraction of the FYWHM).
{IN The blurring occurring by protons passing through the plasma core (region of the
density distribution inside the FWHM) must be larger than the 2 FYWHM of the target
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density profiles.
(I) Eramp¥)< 2w, (1) Epap)(¥) > 4w
The above conditions can be rewritten as follws:

Lhsagy T cm _ In2 7
(1) 22 —Ww, () 7[(1+277)7—(1—27;)7]+1n[5]>0
The | condition depend on the experimental parameters (r, Ep, w, G) and on the geometry
of the target density profiles (g,h) it gives us the resolution of proton radiography for all the
protons passing outside of the core which is limited by the FWHM. The Il conditions
depend on the geometry of the target density profiles (g, h) and it guarantees that the
protons passing through the core does not participate to form the image on layer. Of
course in the “weak condition” regime we accept to loss all the information about the
internal core of the target and we look at its size only. From experimental point of view the
supergaussian degree g is not convenience anyway we can use the relation between the
gaussian degree g and the slope of the density profiles calculated in w (A'(w))

(16) A'(w):mTz{f;_p}y

Let us check the weak condition for the two interesting cases RAL-08 [10,11] and Omega
typical experiments [25]. The Il condition is independent on the experimental parameters
and it leads to the conditions: dx>20 mm for g=2 and dx>10 mm for g=4. The | condition
gives dx>85 mm for g=2, dx>30 mm for g=4 and dx>15 mm for g=6 for the RAL-08
experiment (r~5 g/cc, E~10 MeV, w~60 mm) and gives dx>90 mm for g=2, dx>30 mm for
g=4 and dx>18 mm for g=6 for a typical Omega target (A~0.2 , E~15 MeV, w~60 mm).

(IV) CONCLUSIONS:

PR has been used to diagnose the implosion of cylindrical targets, but a detailed analysis
is required in order to allow comparison with hydro simulations. The simple RCF-layer-to-
time relation, does not hold here because of image mixing. The information carried on by
protons passing through the dense core is lost because they are scattered more than the
protons passing through plasma corona. The last ones then form the images on detectors
"in negative". Moreover, we have shown that in these condition (RAL-08), SP is higher in
low density plasma than in cold matter and how we can take into account this effect in MC
simulation, SP and the Multiple Scattering (MS) could affect PR performance changing
the physical state of the medium. MS is reduced for high-energy protons and, with respect
to this problem, we have deduced two different criterion (strong and weak) to predict the
minimum energy needed in order to reach a good resolution in ICF experiments.

(V) APPENDIX:

Proton Stopping Power in plasma:

For our intent we prefer to write all the formula in unit of MeV for proton beam energy Ep,
g/cc for density r of the probed material and eV for the temperature kbT of the plasma. \We
start writing the Classical non relativistic Bethe SP formula for cold matter [17].

(a1) [@} -123.10% P2
&, AE,

where
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(42) 1;{2149%”}; I= SZ[I + %J

eqg A1 represent the energy loss by proton with energy Ep passing through a material
with atomic and mass numbers Z and A and solid density rc=(A/Z)(nb/Na) where nb is the
bound electrons density, Na the Avogadro number and is the mean ionization potential.
When the proton beam pass through a plasma instead of cold matter eq. A1 is not able to
describe all the physical phenomena occurring during the interaction as for example the
temperature effects. The right SP formula can be obtained starting from a self-contained
representation of the theory of energy loss of ions penetrating classical plasma given by
non relativistic Vlasov-Poisson equations [19].

(43) [a, +79; +2(9;0) 95 )f(?, ,4)=0, V2 = —4nzed( 1)+ 47ze_|' ) d vdtigg
m

which leads to the following solution:

dE ¥
(44) {E} =12310 QAEL[q,Lf+(Z—q,)Lb]
p P

where:
(45) L, =Glx)In(4,k)+ H (x)in(x)

(46) Glx)= erf[%lf Exexp (7 & /2)
) #e)=- 3y27in(x) sl ENTY

E AK,TE
(48) x=33 |2 (48), 4,=76-10"2 |2 P,
K, 9:Pp

(49) k:Min[7.46-1011(EF +1.8~10’3KbT12.4<1011‘/Z]

4

Here Id is the debye length in unit of m, k in m-1 is the inverse of the impact parameter and
rp=(A/gi)(nf/Na) is the plasma density with nf defined as the free electron density. The
above equations can be derived assuming two condition which must be always satisfied
[19]:

(c1) Free gass Maxwell-Boltzmann statistic approximation and (c2) Collisionless
approximation.

With our notation the above conditions can be written:

1/3

2/3
(411) &, T(eV)> 66.7[%} P23 (gl cc)=K,T > 420 (412) K,T(eV)> 58.8{%] P (gl cc)=K,T >46.7p'"
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Fig.A1: Temperature (eV) vs. density (gfcc) plane. The filled circle regions represented hy the in the graph
represent the three different state of matter occurring in RAL-09 experiment. The region ahove the blu-line
(T=42rp) is that in which the conditions in eq. A11 is satisfied while the region ahove the redline (T=46.7rp)
is that in which the conditions in eq. A11 is satisfied

Fig. 1 shows the region of temperature-density plane (completely ionized (qi=6) carbon
target (A=12)) in which conditions 1 and 2 are satisfied. The filled circles represent the
three different state of the targetin RAL-09 experiment. Note that SP formula in eq. ASis
able to describe the energy loss by protons in the plasma corona region only and partially
in the plasma core region (high density and temperature). The cold region can be
described also by eq. A5 in the limit of non ionized plasma (gi=0 i.e solid state) in which it
hecome equal to eq. A4. For ICF Physics the Temperature of the proton heam which
probed the target (~10 MeV) is always greater than the temperature of the probed plasma
~1 KeV), then the free term in eq. A5 becomes:

e ool

which lead to the following simplified formula (starting from eq. A4):

) [2] 202 o] oMot
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2.1 Under critical and near critical dense plasmas: laser-driven particle

acceleration and diagnostics
2.1.1 Introduction

This report is a summary of a lecture given at the school PowerLaPs 04/LTT-C4 on Laser
Plasma Diagnostics — Theory and Experiments, held and organized at the University of
Salamanca, in the context of the Erasmus + KA2 project titled “Innovate Eduation and
Training in High Power Laser Plasmas”, at Salamanca, March 25% to 29%, 2019.

The versatility of high power lasers has resulted in their use in a broad range of scientific
fields, including novel particle accelerators, fusion research, laboratory astrophysics,
condensed matter under high pressure, novel X-ray sources and strong-field quantum
electrodynamics, among others. Present-day short pulse, high power laser systems have
reached the petawatt (10> W) level. When such power is tightly focused in a spot with
a diameter of few wavelengths A (>~ 1 pm for sub-picosecond systems), intensities
exceeding 10** W cm™ may be achieved. The corresponding strength of the EM fields is
such that any sample of matter exposed to such fields becomes instantaneously highly
ionized, i.e. turned into a plasma, and the freed electrons oscillate with momenta largely
exceeding mec (where me is the electron mass and c is the speed of light). The nonlinear
dynamics of such relativistic plasma in a superstrong EM field is the basis of advanced
schemes of laser-plasma sources of high energy electrons, ions and photons which are
characterized by high brilliance and ultrashort duration.

The capability of intense lasers to create efficient accelerating plasma structures paves
the way to compact, versatile platforms for research and medical applications. Such
particle sources are based upon the ability of plasmas to support electric fields orders
of magnitude larger than the breakdown threshold fields of conventional accelerators.
Energetic electron and ion beams can be produced by focusing a relativistic-intensity (/.
> 108 W cm?) laser pulse onto a gas or a solid target. Two main regimes of laser-driven
particle acceleration/heating can be identified, depending on the transparency
properties of the ionized medium. For electron densities much lower than the so-called
critical density (i.e., n, < n, = m.€e,w/e*, where w is the laser frequency, e the
electron charge, me the electron mass and €, the permittivity of vacuum), the laser pulse
can propagate large distances (L >> A = 2mc/w) through the plasma and generate a
strong wakefield. This high-velocity (v ™ c) plasma wave can trap part of the background
electrons and, for optimized laser-plasma parameters, accelerate them to
ultrarelativistic energies with possibly narrow energy spectra. The resulting electron
beam, with charge in the nC range, can also act as an efficient x-ray generator. In the
opposite limit of a highly overcritical plasma (n, > n.), the laser is mainly reflected
and/ or absorbed at the plasma surface, where electrons are stochastically heated in the
MeV range, with a broad energy distribution. The high electron current (~0.1 — 50 MA)
that ensues can then serve as a source of ultrafast (isochoric) target heating, ion
acceleration at the target rear or x-ray radiation. Although the mean energy (€;,) of the
hot electron distribution is a complex function of the laser-plasma parameters, it is

commonly assumed to obey the ponderomotive scaling, €;, & mecz(‘/l +az/2-1),
where a, = eE, /m,cw is the normalized laser amplitude.
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2.1.2 Under dense targets: electron acceleration

The pioneer theoretical work performed in 1979 by Tajima and Dawson has shown how
an intense laser pulse can excite a wake of plasma oscillation through the nonlinear
ponderomotive force associated to the laser pulse. In their proposed scheme, relativistic
electrons were injected externally and were accelerated through the very high electric
field sustained by relativistic plasma waves driven by lasers.

In their former article, the authors have proposed two schemes: the laser beat wave and
the laser wakefield. Several experiments have been performed in the beginning of the
nineties following their idea, and injected electrons at the few MeV level have indeed
been accelerated byyelectric fields in the GV/m range in a plasma medium using either
the beat wave or the laser wakefield scheme.

Controlled injection in laser plasma acceleration that lead to high electron beam quality
is particularly challenging due to the very small value of the length of the injected bunch
that has to be a fraction of plasma wave wavelength, with typical values in the [10-
100um] range. Doing so, electrons witness the same accelerating field, leading to the
acceleration of a monoenergetic and high quality bunch. Electrons can be injected if they
are located at the appropriate phase of the wake and/or if they have sufficient initial
kinetic energy. Different schemes have been demonstrated today and allow to control
the phase of injected electrons.

In the 2000’s, the first scheme for electron controlled injection was theoretically
predicted and experimentally proved. The so-called bubble regime was proposed by
Pukhov and Meyer-Ter-Vehn in 2002. It leads to the production of a quasi-
monoenergetic electron beam. At lower laser intensity, the blow-out regime, also allows
to obtain such an electron distribution. In those two regimes, the focused laser energy
is concentrated in a very small sphere, of radius shorter than the plasma wavelength.
The associated ponderomotive force expels radially electrons from the plasma, forming
a positively charged cavity behind the laser, and surrounded by a dense region of
electrons. As the radially expelled electrons flow along the cavity boundary and collide
at the bubble base, transverse breaking occurs providing a well localized region of
injection in the cavity. Since the injection is well localized, at the back of the cavity, it
gives similar initial properties in the phase space to injected electrons. The trapping
stops automatically when the charge contained in the cavity compensates the ionic
charge, leading to the generation of a quasimonoenergetic electron beam that was
experimentally demonstrated in 2004. Finally, the rotation in the phase-space also leads
to a decrease of the spectral width of the electron beam. Electron beam quality is also
improved because electrons that are trapped behind the laser do not interacted
anymore with the electric field of the laser. The scheme of principle of the bubble/blow-
out regime is illustrated on figure 1.
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FIG. 1. The laser pulse that propagates from left to right, expels electrons on his path,
forming a positively charged cavity. As the radially expelled electrons flow along the
cavity boundary and collide at the bubble base, before being accelerated behind the
laser pulse. From V. Malka, “Laser Plasma Accelerators”
arXiv:1112.5054 [physics.plasm-ph].

Other injection mechanism that were developed later were based on shaping the target
(injection in a density gradient), modifying the composition of the gas (injection
triggered by ionization) or using multiple laser beams (injection with colliding laser
pulses), just to name a few.

On the other hand, the trapped electrons on the laser wakefield incur Betatron
oscillations across the propagation axis and emit x-ray photons. The Betatron x-ray beam
is broadband, collimated within tens of milliradians with femtosecond duration.

Applications of these electron and x-ray photon beam sources range from medical,
fundamental particle physics, inertial confinement fusion, warm-dense matter, medical
therapy, etc.
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2.1.3 Near-critical targets: ion acceleration

Laser-based ion acceleration has received considerable attention over the last two
decades for the potential applications to diverse research areas: fundamental particle
physics, inertial confinement fusion, warm-dense matter, medical therapy, etc. It is
expected that with the fast development of multi-PW laser facilities laser ion
acceleration will be able to generate ion beams with energies in excess of 100 MeV,
required by many applications. Up to now laser systems were only able to achieve the
acceleration of ions with energies approaching 100 MeV. While most of the
experimental results were obtained in the Target Normal Sheath Acceleration (TNSA)
regime, higher ion energies are expected to be generated by employing advanced
regimes of laser ion acceleration. These regimes include, Radiation Pressure
Acceleration (RPA), Shock Acceleration (SA), Relativistic Transparency (RIT), and
Magnetic Vortex Acceleration (MVA). Analytical and computer simulation estimates
show that a PW or several PW laser system may be able to generate ions with energies
ranging from several hundred MeV to GeV per nucleon. We note that near-critical dense
targets as well as composite targets with near-critical dense parts attracted a lot of
attention recently not only to be used for ion acceleration, but also for brilliant gamma-
ray and electron-positron pair production. All these results rely on the physics of intense
laser pulse interaction with near-critical plasma.

Few studies have addressed the case of intense short-pulse lasers interacting with near-
critical (ne ™ nc) plasmas. This relative lack of interest is probably due to the experimental
difficulty of achieving, in a controlled way, the required high gas densities
(n, ~ 10%°~22cm~2) and, also, to the fact that such systems are a priori ill-suited to
efficient wakefield electron acceleration. In recent years, however, high-density gases
have attracted increasing attention as promising high-energy ion sources, based on a
variety of mechanisms. First, as in solid foils, the so-called target normal sheath
acceleration (TNSA) can arise from the spacecharge field set up at the plasma
boundaries by the laser-driven hot electrons. Second, in a dense enough plasma, the
front-side ions are pushed by the ‘laser piston’, i.e., the space-charge field resulting from
the laser ponderomotive force on the electrons. Third, under specific conditions, the
laser piston or the electron pressure gradients created in an inhomogeneous plasma can
launch a collisionless electrostatic shock, accelerating a fraction of the background ions
to energies possibly larger than through TNSA. Further, for tightly focused lasers, ion
acceleration can proceed via the electric field induced by magnetic vortices moving
down density gradients.

Other possibilities for achieving near-critical targets under study nowadays are foam
targets and exploding foils. Nevertheless, they are not so well-suited for the high
repetition rate operation of the new Ti:Sa systems as the high-density gaseous targets.
Using a different laser wavelength could be also a possibility. However, most of the ultra-
intense lasers in the world are operating in the near infrared.
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2.1.4 Optical probing diagnostics for under dense/near-critical plasmas
experiments

Wake-induced alteration of an ultrashort transverse probe pulse can yield a snapshot
related to the wake’s internal plasma density or magnetic field profile, or both, with high
spatial resolution at a desired time after or before the interaction. When shot-to shot-
fluctuations are small, a sequence of such images from successive shots forms a movie
of the evolving wake.

Shadowgraphy

FIG. 2. Shadowgram of a near-critical plasma.

Imaging of a plasma transverse backlighted with an ultrashort optical probe (normally
frequency-doubled with respect to the driver laser beam and mutually synchronized) is
the common technique to perform a shadowgram. Information about the plasma
structure and density in translated to the probe rays by refraction or, for high enough
densities, even absorption. With the proper spatial resolution and using few-fs long
probes is possible to resolve the fine structure of the wakefield accelerators (plasma
waves).
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Interferometry

FIG. 3. Interferometer of a near-critical plasma.

Transversal interferometry gives a direct measurement of the plasma density. An
ultrashort optical probe is made to interfere with itself, being one of the interferometer
arms free, meanwhile the other travels through the plasma. The resulting
interferometer contains the information about the phase shift acquired by the second
arm, which, after imposing cylindrical symmetry, yields the electronic plasma density
profile.

Faraday Rotation

Inside plasma electron accelerators, the current density of accelerating electrons and
the displacement current density of time-varying plasma-wave electric fields produce
an azimuthal magnetic fields that reach kilo-Tesla strength in plasma surrounding a
bubble. A transverse linearly polarized probe impinging on the wake thus “sees”
magnetic field components that are both parallel and perpendicular to the wavevector
of the probe that alter its polarization by the Faraday effect. The Faraday effect locally
rotates probe polarization, which remains linear. Probe rays propagating above or below
the central axis of the plasma-wave experience components that retain their direction
along each ray’s entire path. Consequently, Faraday polarization rotation accumulates
up to an angle, on the order of 12.
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Consider a plasma with cylindrical symmetry as shown in figure 1.
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Figure 1. The cylindrical plasma model

A linear polarised laser ray propagates at a distance x from the axis of the cylindrical
plasma. A paraxial approximation is used, thus it is assumed that refraction is very small,
so the wave path is a line along the plasma. As discussed in Appendix 1 when a linear
polarised electromagnetic wave propagates in a magnetised plasma, it remains linear

polarised, but the plane of polarisation is rotated by an angle given by the equation,

0=2.6312 x10‘13x2jne8-d| (1)
|

where B is the magnetic field strength vector, dl is the element vector of the optical path

which in our case dl = dy, X is the wavelength of the probing beam and ne is the electron
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number density of the plasma. All the quantities are in S.I units. If the above formula is

normalised at 100 Tesla for the magnetic field, 1026 m-3 for the electron density, 100 um

for the propagation distance and 1 um for the wavelength, then the rotation angle can

be written as,

A V( n \( B, _dy
edegreeS:1{1 m/ \1026?71‘3)\1009-[&”&8 100um 2

where ng and Bg are the peak values of the electron density and magnetic field strength

respectively, &n, B are the distribution functions of the electron density and the magnetic

field respectively and i is the unit vector for the magnetic field direction. In terms of the

e 2uB(r) . o
current within radius r, |(I‘)= —= flowing in the plasma cylinder and considering
Ho
R,
the line density N = 21t Inoan(r)“dr , equation 2 becomes,
0

S N Y (lOOpmj _dy
edegrees_QG[lpm} \]_Olgl’on 1)\100kA) R J‘Z‘:nE:B 100“m (3)

r
For a parabolic density profile &, =1-—— R , and for a uniform current {g = — the
0 0

above integral can be solved analytically to give,

[ 2 |
g(x)= f&nés-ﬂzﬁh—t 1_;:_3J (4)

Page |37



™ h R 1 & ek Q

v| o [

Therefore, the rotation angle can be written as,

= fOM No.Ro, |)'9(X)' (5)

where g(x) is the distribution function for the rotation angle for a parabolic density profile,

X X2 vz

and f(A,Ng,Ro,l) is a function which includes the plasma parameters namely the line

9(x) =

wiIinN

density, radius and current as well as the wavelength of the probe beam,

(0 Ng Y (100um3 2R, )
f(hNo,RoJ)—%[l“m) K1019m—1)K100kA) R, j[looum) )

The rotation angle 6 can now be calculated for various pinch parameters. For a plasma
with this geometry the distribution function will be always the same. Only the function

f(A,No,Ro,l) will vary with the variation of one or more of the pinch parameters. The

function g(x) is shown in figure 2.
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Figure 2. The distribution function g(x) for a parabolic density profile

R

It can be seen from figure 2 that the maximum rotation takes place at X = 70 .
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density and radius. The electron line density for a fully ionised 33 um carbon fibre pinch
is No=6.7x1020 m-~1. Figure 3 shows a representative graph for the f(A,No,Ro,!) for a fully
ionised 33 um carbon fibre as a function of current |, for different radius Rg and for fixed

A=0.532 um.

1500

(1), ROZSOOum
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4] 200 400 600 300 1000
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Figure 3 The f function for a 33 um carbon fibre for different radius

From the above figures the rotation angle can be calculated for any pinch parameters, by
multiplying the distribution function g from figure 2 with the corresponding figures to the
wanted pinch parameters from figure 3. For example, the rotation angle for a linear
polarised laser beam of 0.532 um wavelength propagating into such a plasma with 2 mm

radius when 100 kA current is flowing through it is shown in figure 4.
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Figure 4. The rotation angle for A=0.532 um for a 2mm diameter pinch,

with 100 kA uniform current for Ng=6.7x1020 m-1

In a real plasma the density distribution function is not parabolic and the degree of
ionisation varies. Nevertheless, the above analysis offers a quantitative estimate for the
expected faraday rotation for a given set of plasma parameters and wavelength of the

brobe beam.
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2.3 Time-History Diagnostic Tool for Laser-Accelerated Protons

Compact platforms for laser-driven ion acceleration hold promise for technological
advances in science and society; medical applications for cancer therapy [1-4], equation of
state studies [5-6] and novel fast neutron sources [7] are just three examples. Laser-based
approaches are promising for a number of reasons including the fact that they (1) occupy
small footprints and are less expensive than conventional accelerators, (2) can provide high
average ion flux, due to relatively high repetition rate of the drive laser system and (3) are
inherently pulsed with durations are several orders of magnitude shorter than what
conventional accelerators offer and, in in principle, can be tailored. Typically, laser-
generated proton bunches, for example, are nonrelativistic and composed of different
energy components, each having its own generation time history. Proton clusters with a
significant energy spread have advantages when long flight times to their intended targets
are employed - bunches invariably become negatively chirped, making them useful for
energy-dependent measurements. The energy distribution verses time (i.e., during and
immediately following generation), however, is not well understood and is likely to be
mechanism specific. Knowledge of this early time history could avail new knobs for
controlling, and tailoring the energy content and spread of laser-generated proton bunches,
making their application to contemporary problems even more valuable.

To characterize laser-based proton acceleration fully, there is a crucial need for diagnostic
tools with differential energy and time capabilities; in particular, these need to have sub-
picosecond temporal resolution. In this lecture we will discuss a novel approach based on
following the early proton time history with K-alpha (K«) radiation and an X-ray streak
camera. The technique we will discuss exploits proton induced X-ray emission (PIXE) (see

Incident particie Fig. 1) [8,9] as the source of K, radiation while

° ; utilizing (1) a synchronous proton energy
» 2 7 selector (SPES), (2) an X-ray spectrometer and

L

(3) a sub-picosecond X-ray streak camera.

Our discussion will focus the Target Normal
Sheath Acceleration (TNSA) mechanism, where
it is believed that protons are accelerated by a
refluxing, accelerated electron cloud [10-12].
The cloud not only takes time to develop, it is
known to be composed of different energy
components with time histories of their own
[13]. It is not unreasonable to expect that the

o ',Az-f‘f\,;~7\ Ny, Korey protons accelerated early in the process will
VALY VA A \"ad have a different energy than those accelerated
C\g/ later in the electron cloud’s development. It
\ ~ ” ¢ should be clear from the discussion thus far
& Yo \.o__,_,cr‘ 0/0

that protons must be measured before the chirp
sets in. When SPES is applied immediately after
acceleration, the time histories are essentially
frozen in, which extends the period of time over
which the time history can be measured.

Atom in the Sample
Fig. 1: PIXE process; (upper) a K-shell
electron is ejected (thick trajectory) by a
proton (thin trajectory); (lower) an M-
shell electron falls (arrow) to fill the hole, .
while generating a Kz X-ray (wavy arrow). Figure 2 shows how this can be done. The
energy selector is placed near to the proton
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Fig 2: The left image shows the magnet selector, which can work as synchronous selector along
all diagonal straight surfaces starting form the injection point. Because K, radiation is insensitive
to magnetic fields, the tracer layer can be placed directly into the magnet. The right image shows
a prototype arrangement with an LLNL T-REX streak camera fielded with two von Hamos
crystals. The inset shows the 1s2-1s2p (upper trace), 1s2-1s3p, and 1s2-1s4p (lower trace) of AL
([14.15]

generation target. The energy components are sent through spatially separated Ka X-ray
generators. The X-rays are then analysed with von Hamos crystals and a streak camera to
determine the time history of each component. Figure 3 shows many of the principle
components needed to run such a diagnostic.
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Fig. 3: Experimental setup showing key components: (i) VEGA 2 is focused on the proton target
with an f/13 off-axis parabola and running at 0.1 Hz; (ii) TNSA generation of protons from 2 ym
Mylar + 100 um Al, mounted on a 3-axis motorized target holder containing several hundreds
targets; (iii) Protons are magnetically selected (SPES) and guided into a copper layer designed to
optimize PIXE (Proton Induce X ray Emission) for different energy bands; (iv) K« components of
PIXE are collected and focused by an X-ray Spectrometer (two von Hamos crystals) into the sub-
picosecond X ray streak camera; (v) A Lanex screen placed on the left side of the SPES is used to
control the energy spectrum of electron population.
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Ultra-short, ultra-intense laser pulses with powers ranging from a few hundred terawatts to
multiple petawatts now allow a host of investigations that heretofore have never been
possible. For example, in the absence of all matter, i.e., a perfect vacuum, petawatt lasers
will enable the realization of an 86-year old dream - probing the essence of the quantum
vacuum via photon-photon scattering, vacuum polarization [1]. Vacuum polarization will
provide critical tests of nonlinear aspects of quantum electrodynamics (QED), which makes
a precise prediction about how extreme intensities will polarize the virtual electron-
positron pairs replete in the quantum plasma vacuum [2,3]. The roadmap to these
measurements requires a number of technological advances to be made including novel
ways (1) to create a vacuum beyond what can be established with commercially available
vacuum technology and (2) to measure a local pressure well below 10-12 mbar, which is also
not feasible with commercially available technology. Consequently, custom approaches are
required. This lecture focus on some of the details of (2) and how one might go about
creating a photonic vacuum gauge to measure the local particle density in the focus of an
ultra-intense laser.
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2.4 Focal-Volume Photonic Vacuum Gauge

The principle behind the proposed tool is outlined theoretically in Refs. [4,5], which relies
on the fact that focused, intense laser pulses will liberate electrons from a neutral gas and
accelerate them to relativistic energies (E. ~mec?) within one optical cycle. Electrons are
ubiquitous in the presence of strong lasers so an ability to determine their density will
provide a handle on the local particle density in the focus. The demarcation of intense that
we will use is a peak intensity, I, ~ 1018 W/cm?2, which is related to a normalized vector

potential, a, = 0_85xAo[pm],/1[1olswrcm3] ~1(for A,=0.8 um). At this intensity, and

above, most (if not all) the valence electrons of an atom or a molecule are removed, turning
a neutral gas into a plasma, locally. As intensities approach and exceed 10!°* W/cm?, inner
shell electrons are removed. Subsequent to removal, the free electrons are accelerated by
the laser field and thus radiate, which is known as Thomson scattering. Thomson scattering
is often thought of as the low-energy analog of Compton scattering. Gao [1] points out,
however, this is technically true when limiting the interaction between the field and the
electron to its wave response, which is appropriate at relatively low intensities or for ap <<
1 (I <<10!8 W/cm?). At high intensities, however, collective behavior of the photons must
be included to predict the electron’s response correctly in the focus. The ponderomotive
energy,

272 2
e_ED’ ﬂ £ (€8]

amw; 27c
provides an idea of how many photons are interacting collectively with the electron;
e.m,7, ¢, 0. and E, are the charge and mass of the electron, the classical electron radius,
the speed of light in vacuum, the carrier frequency of the field and the field amplitude of the
field respectively in Eq. 1. The number is given by U, / h@, , which can exceed 104, and can

be viewed as the number of photons in a small volume given by 7'0/102 / 2x. In this case,

electrons can be accelerated to relativistic energies leading to relativistic Thomson
scattering (RTS). Not all the electrons liberated by the field participate in RTS. Many are
scattered out of the field due to a ponderomotive force. Whena, <<1 the force is just the

gradient of the expression in Eq. 1 and aligned with the electric field. Thus, many of the
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Fig. 1: The trajectory of an electron during one period of an intense field with the electric field
along the x-axis axis and it k-vector pointing along the z-axis; (a) the average drift frame and (b)
the lab frame.

electron liberated at lower intensities are scattered out of the focal volume. At higher
intensities, things get more complicated because of the magnetic field and relativistic
speeds. Under these conditions electrons can be accelerated along the propagation
direction of the field leading to interesting trajectories. In general, only electrons freed on
axis near the peak of the field will participate and experience the full strength of the field.
For these electrons the trajectory depends on the frame of reference. Figure 1 (a) shows
that in a frame associated with the average drift velocity of the electron, the trajectory is a
relatively simple figure 8, which is oriented along the polarization axis. In the lab frame, the
trajectory shows the electron moving along the propagation direction of the field with
transverse motion punctuated by cusps. Acceleration is large at these cusps because of the
sudden change in direction leading to the electrons radiating strongly (RTS) with a
spectrum very different from the low intensity case.

Normalized sp.«n-- for 500 electrons at 1e+18Wcm-2 and w, = 20um collected mum»«u
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Fig. 2: Simulated RTS spectrum for electrons born on axis at rest in a field of intensity 1018
W/cm?, observed perpendicular to the k-vector parallel (blue) and perpendicular (red) to the
electric field of the laser.
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Fig. 3: Angular and wavelength-dispersed RTS radiation for a single electron initially on axis at

rest in a field with 7 = 1018 W/cm2.
There are two cusps/cycle leading to RTS spectrum having a prominent 22d-harmonic
component relative to the laser wavelength. It is clear from Fig. 1 that the electron’s motion
is not simple harmonic motion in either frame. Thus, the spectrum contains multiple
harmonics as shown in Fig. 2. The forward motion of the electron in the lab frame causes
the observed RTS to be Doppler shifted to the red of the laser wavelength to an observer in
the lab frame. At the same time, because the motion is relativistic the angular dependence
of the RTS is directional and wavelength dependent. Figure 3 shows one example of the
dispersed radiation for a single electron on axis born with I ~ 1018 W/cm2. The spectral and
angular distributions depend on the field intensity while the signal strength depends on the
electron density. Consequently, RTS can be used as a photonic-based in situ diagnostic tool.
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Pre: introduction to (temporal) coherence. Let's see what
happens when different fields interact (linear behavior, vacuum or
low intensity) N fields or fields of N emitter. The total field is simply:

1 o
E,.r=E,+E,+...+E, the superposition of the fields. Now let's
see how the resultant intensity looks like:

N
ITOT:|ETOT|2:I1+I2+"'+IN+Z Z EE;

i=1 j#i

The first part, the sum of intensities is made by N terms while the
cross terms express the interference terms between different fields.
The second ensemble is composed by N(N-1) elements. In case
the fields are monochromatic or of relatively sharp line-width, then
the intensity terms are constant in time, or at least slowly variable
respect to some characteristic time (e.g. response of the detector).
On the other hand, the other terms will have a different carrier
frequency. Let's look more inside them:

[;=2AA jcos(Amt+Acp) These cross terms are in general
“fast” oscillating terms in time. These are the interference terms. We
can now set a time of coherence, that is: given the highest
frequency difference Aw We'll have an oscillating period of

T conerent=27/A® . For intervals much shorter than this time

duration, thanthe N(N—1 )och terms will give a net contribution
to the intensity, otherwise, their oscillation will on average cancel
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with no net contribution. In order to resume: we can state that when
the contributions are coherent, they scale as the square of the
number of emitters (i.e. of fields) when there's no coherence, the
scaling is proportional to the number of emitters.

So, going to the field generated by N emitters (particles) in a
linear regime (in principle we'll account to be in vacuum), we know
that being E ,-(t) the field emitted by the i-th particle, the total field

is simply ET(t)=>_§1 E,(t) .

3.2 Spectrum Emitted from a particle bunch

The basic ansatz for all the following steps is that the particles (e.g.
electrons) are uncorrelated, though they undergo the same
emission process (e.g. Transition, Cherenkov, Synchrotron etc.).
The method we are going to develop is absolutely independent on
the type of radiation emitted as long as the assumptions are
satisfied. Let's now switch to the frequency domain through the
following Fourier pair of transformations that we adopt throughout
the lecture (in agreement with the paper):

ET(V)z_TwET(t)e—Znivtdt g ET(t):]'c ET(V)eZni\-tdv .

Let's transform the field superposition.

N « N «
(v)=X, [ E,(t)e™>™dt=) | E,(t+At,)e™>""dt
5 =1 =%

n
2.&.

Ze2nlvAt J" E —2«[\'tdt=E Zean\At
The Freq. domaln field appears as the one of a single particle

weighted by a sum of exponential terms accounting for the
superposition of different delay contributions.

Let's now look at the energy (/power) spectrum.

Z—gz(ZeoclE (v)?) Where the angle brackets are here an
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ensemble average over different particles configurations (the micro
position in the bunch is different for each bunch).

For a deterministic signal (field) it would be the same expression
without the ensemble that takes into account the statistical
distribution of particles. This expression connects microscopic
configurations with a macroscopic quantity. Let's now look in detail
at the particle ensemble configuration and consequences, relating
to the following figure (Fig.1).

i s & TR 45 e
e N g, 2 () Won Q@

Let's take into account a bunch of particles, that is an ensemble of
particles with similar parameters. In the center of our reference
system there will be our reference particle, and somewhere far
away, a detector in the point P sensing the emitted field. So, let's
express as zero the arrival time of the reference particle field on the
detector and the others' particle delay respect to the reference

Fig. 1: The reference system used throughout the calculations

(R.—R,)

particle as At;= . In the far field condition the two unit

vectors pointing from the ref. electron and the i-th one to the
detector are almost parallel n||n; . From the vector relation
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R,n=r;+R;n;, with the far-field condition from the previous
scalar multiplying by he i-th unit vector we get:
R.=R.n.n;—n,.r;~R,—.n.r; . We can now rewrite the delay

_n'!j:—K.Q/(Ck) with K=2)\—nn . Thanks to

such result we can now write the energy spectrum, this time we
write in terms of the wavelength (more handy in the measurements)

LN S @ R s e
dhee N wipme B 0D Wom @

simply as At,=

by the conversion differential relation —Zgj =%—ZU , to get:
v /\. 4
2 CZ , ; N . 2 _
Zglz—jﬁ’z—(é(g)i;e e = [35]1 ,Ze 4y Here we

put the index 1 to the power spectrum of the first (reference)
particle. This is a deterministic factor not entering the ensemble
average (all the particles emit the same, the random factor is about
mutual position in the bunch).

Let's now focus on the ensemble average which is the factor
accounting for the bunch contribution (i.e. the interesting one).

AN gl ol e N e M N ik ikr
(e Y ) =((Te™ (T e™ )= 1+(X T e '* e'*n)
i=1 i=1 i= ; Y

Now, thanks to the first ansatz of uncorrelation between electrons

we can split the product in the following way (average of product

equal to the product of the average). We remind that it is always an
(N 1) number of terms

Z e"""*’ y=N+( Z ek (¥ k%) | We introduce now the
j#l
normallzed 3D partlcle densﬂy dlstnbutlon
SsiL)= I;II E d(r— )')—W- jZlb( r;)) . Here the two

expected values are equal because the statistics (probability
density of the distribution) are the same (same ensemble of
particles obey to the same statistics). It can be estimated as
ambiguous to state that the two statistics are independent when
they obey to the same probability density function, but every particle
is independent, that is: they obey the same statistics but each
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particle is like an independent trial, or tossing of the same “dice”.
N ]2 . .

>3 e"“-ﬂ{ )=N+N(N—-1)[ Syy(r)e™ dr[ S, (s)e**ds
i=1 o o

This is simply proved recalling that the delta is “bringing” its
argument to the exponential factor. The domain of integration sigma
is the space occupied by the particles (space region of the bunch).

!
/
{
\
\

3.3 Form factor

From the previously introduced particle density distribution, we
define the very important function, the Form Factor as:

F3D(K)=£ Sap(r)e™™ dr . We recognize simply the 3D Fourier

Transform of the particle distribution. Here we are mainly concerned
with the longitudinal part. So, assuming a longitudinal wave vector
we can introduce the longitudinal Form Factor as:

F(k):jis(z)e‘z’”'z“oz , where the longitudinal charge
distribution is obtained simply integrating through the transverse
variables in this way: S(z)=/S,,(r)dxdy . We can now write

with the new tools the energy (/power) spectrum of the bunch in the

following way: dU:('dU) IN+N(N=1)|F(*)] . This

drn di 1
expression is the corner-stone and the beginning of our
reconstruction procedure. Let's now comment extensively the
meaning of the formula. The Energy spectrum results as the sum of
two contributions, one, proportional to the number of particles will
be called the incoherent part and depends uniquely on the single
particle spectrum, so it doesn't bring any information on the bunch
distribution itself. The second part is proportional to the square of
the particle number and will be called the coherent part of the
emitted radiation. Moreover it is weighted by the form factor, the
Fourier transform of the particle distribution, hence it carries a
crucial information on the bunch that we'll use to measure the time
distribution in this case. What does all this mean on a direct
physical interpretation point of view? We'll make the example of a
rect distribution, but start from a simple drawing. For wavelengths
longer than the pulse duration, the superposition of the particles'
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contribution will be in phase (i.e. coherent), that means: the
randomness in the particle distribution (the delays) is not weighting
enough to slip the contributions out of phase. On the other hand, for
waves smaller than the bunch length, the contributions won't
superimpose coherently, but on the average will cancel each other.
Since the coherent superposition is boosting the intensity (square of
the number), we'll observe an abrupt increase of signal sweeping
the wavelength above the cut-off frequency (for example by means
of a spectrometer).

-
High Pewer Leser Plasma Physics.

Long Wave

3.4 Reconstruction of Bunch charge distribution

Let's now figure-out how to reconstruct the bunch charge
distribution from the measured energy spectrum a not so easy task.
First of all let's do a comment. The coherent radiation is linked to
the bunch distribution, but only through the square modulus of the
form factor, that is: the phase information is lost. So it is not
possible to just anti-transform (Fourier). There's an essential part
missing. We'll introduce what is known as the Kramers-Kronig
formulas (K-K) to retrieve the phase, within some boundaries. K-K
relations directly connect Real and Imaginary part of a complex
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analytical function. A causal linear system can be defined through
an impulse response function h(t) equal to zero for t<0 (causality).
In that case the transfer function of the system (Fourier Transform
of the impulse response function) is proved to be analytical in part
of the complex plane, so K-K relations will hold there, and real and
imaginary parts will be dependent one from the other. The condition
to be a causal linear system is satisfied by a great majority of
physical systems. Same for the process of emission by a bunch.

Let's start requesting that the bunch distribution is zero for negative
Z (causality before mentioned). It is simply an overall time shift
which transforming is a phase factor, unimportant on the physical
point of view.

Extension to complex domain

We will now extend the Real frequency domain (i.e. Fourier
Domain) to a complex frequency domain (i.e. Laplace Domain). We
will see that complex analysis will be fundamental in unfolding our
problem. So we introduce the new complex frequency v=v,+iv; .
The exponential factors in the transforms which are now complex
take the form e'““=u(v,,v;)+iv(v,,v;) withareal. It is possible
to show through the Cauchy-Riemann relations that this is an
analytic function of the complex frequency. We recall the Cauchy-
ou_2ov . ou__ ov
ov, 0v;’ ov; 0ov, "
easily verify that applying to the exponential, given

avy

We can

Riemann (C-R)equations:

u(v,,v,.)_zcc_as(av,)e_'av' that
v(v,,v;)=sin(av,)e ™"
ou y s oV
~~-=—asin(av,)e V=== _
oV, OVi so, C-R eq. Are satisfied and
ou —av, ov
aviz—occos(av,)e ’=—avr

the complex exponential is an analytic funcgon. Within the integral
defining the form-factor F(v):f S(z)e ?*"*°dz the
0

exponential function multiplies a Real function not depending on the
complex frequency, hence analytic on the same complex plane.
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Kramers-Kronig relations

In several important cases of application K-K relations are useful
because they connect the Real and Imaginary part of a function. As
we explained K-K relations are valid in the extremely important case
of the response function (transfer function) of a linear, causal
system. A valuable example is given by the Real and Imaginary part
of the refractive index, and it is possible to show that also a particle
bunch is behaving as a linear, causal system in response to the
radiation emission of particles. Nevertheless, in our case the
problem is not so straightforward, since we have the modulus of the
function and we miss the phase. Let's see how we can overcome
such issue. Let's write again the form factor in a different way:

i i9(v)
F(v)=p(v)e™™ and take the logarithm of this same quantity:
(p,O]eR
InF(v)=Inp(v)+i©(v) . It is probably clear why we apply the
logarithm: we have split the modulus and phase into Real and
Imaginary part. Let's show that the logarithm is analytic. Again, if

ap 3
f _)(,6

this is true, C-R equations for the logarithm: 9Vr = OVi must

J P .08
ov; ¢ ov,
be satisfied. We proved that the Form-factor is an analytic function,
A
f‘,’ ~p L2 )coso=(70+p £ )sino
so the C-R equations m av
( +p 00 )cosﬁ {— p +p,\9)sin9

0 v ov,
are satisfied. Simply multlplylng the f rst equation by the cosme term
and the second by the sine and subtracting, we obtaining the first
C-R equation for the logarithm. Multiplying the first by sine and
second by cosine and summing we simply obtain the second C-R
equation. We proved that the logarithm is analytic. More in detail:
we can assume that the logarithm of the form factor is analytic over
the complex frequency plane, except in the places where it
vanishes (zeros of the modulus). For the moment we don't take the
zeros into account but move forward on the proof. Though ignoring
the presence of finite zeros in the magnitude of the form factor, we
cannot neglect that the response function (form-factor) vanishes at
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extremely high frequencies. To overcome this problem we introduce
2
oVv—i“)InF(v
(v =i"){vo—v) . Such
2 12 2
Vo V—Ii \v In“p(v)+0°(v)

an auxiliary function:

V(VHZ 7 2
IV —] h\’o—\’l

function is analytic everywhere (product of analytic functions)
except in the isolated singularites v=v, ; v==+i . We can now
apply the residue theorem applied to the auxiliary function in the
contour C shown in the picture.

LSC

gﬁ f(v)dv=2_1,(C)Res [f(v,)] . This is the theorem of residue.
C k

The folding index accounts for multiple turns and negative numbers
for clock-wise direction. More in particular, we recall here that for a
singularity of order 1, the Residue value is easy calculated
according to the following formula:

Res [f(z,)]=2=ilim (z—z,)f(z) . Now returning to our contour

z=2z,
integral, we observe that the only singularity inside the contour is at
v=—i .So, §f(v)dv=—2mnilim (v—vo)f(v)=—izinF(-i)
C v=vg

With such important result it's time to split the integral in three parts.
The two semicircles (large and small) named SSC and LSC and the
path on the real axis R that we wish to extend to the infinite value
through a principal value integral (according to Cauchy's definition).
$f(vidv=P f(v)dv+ $ f(v)dv+[ F(v)dv=—inin F(—i)
C LSC S8C R
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Let's recaolcll the expression of the Form-Factor:
F(v)=[ S(z)e " dz
0

The condition that the distribution vanishes for negative z, ensures
that only positive values are in the integrand in the lower half plane
of our contour v,<0 and bounded (i.e. the reader should notice
that in other textbooks this condition is in the upper plane, due to
simply adopting another convention sign for the Fourier/Laplace
pair of transforms). It also vanishes at v,2+o0 because the
charge distribution cannot have details of infinite frequency (as
stated before). With such prerequisite we can make the ansatz that
the magnitude of the Form-Factor goes to zero faster that some

(v)<vi™®  1his assumption implies that the
IVI=»00

integral over LSC is zero as we are going to show:

negative power P

’ av,inmwv
0<lim - =0

wi=x

[ f(v)dv

<lim [ |f(v)vd = lim
LSC 0

I= 0 T IVI

v=vie'?
The expression of the frequency is just sweeping in angle because
is on a circle, but remember that the integrand depend on both
angle and magnitude, then we exchange the integral and limit sign.
.2 ‘ .

. + / / ;

fim [F (v)|=lim lvov—r?Inp(v) I@(\)|:"m XOW'IInp(v)I
Vi Wi Ivz_iznvo_vl Vi@ |\y|3

This has been found comparing the infinite orders and dropping out
the additive constants, included the phase one, that is not constant
but a bounded quantity in 0-21. Then we substitute the inequality
and integrate in the angle since now the integrand depends only on
modulus.

From here we use the fact that

p(v)<ivi™®
IVI=>00

So that we can write the above limit as:
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lim —|Inp v)|<lim —|—(1In|v||

W= IVI Vi IV

Substituting this into the integral we find.

hmI”f ||V|dcp< im_ct ci||n|v||}dcp

Ivi= 0

that explains why the mtegral LSC goes to zero.

Let's now see the SSC one. The path is a semicircle centered on
Vy . real freq. >0. We want in this case in order for the other

integral to get the principal value over the real axis that the radius of

the circle goes to zero. We can evaluate such integral writing the

auxiliary function as: f(v)=g(v)/(vy—v) . where we explicitly

extrapolate the singularity keeping another function g, continuous in

the surroundings of v, . Being the path centered around the

singularity we can write vo—vzeei“‘ and see how the integral
; " 1

looks like: lim ¢ f(v)dv=limg(v,) $ vo—=vdV again
e=0 ssc =0 ssc

expressing the differential in polar form
0

im § £(v)dv=limg(vo) [ ——(—ice')d p=ing(vy)=inInF (v)
0 ggo 20 % €€ "

Thanks to the previous results we can now express the principal

value of the integral over the real frequencies (from here we

assume all real frequencies):

Ilmff Jdv,=—inInF(vy)—inInF(-i)

We take the Real part of both members. Recalling that F(—i) is
real (charge distribution is real and from the transform), such term
goes to zero. Then R[—inInF(v,)]=nO(v,) , this is quite
easily seen by looking at the function F .

For the integral we can easily show that the Real operator (being

additive) can go under integral. So, further developing:
@(vo)zllim f R[f(v,)]dv, being the auxiliary function

product of real numbers by F, we get the Real part simply by taking
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the one of F as fOllOWS'

O (v,) —P f VVO )Inp(v)dv
o (V'=i*)(vo=v)
Thanks to the properties of Fourier Transform,
F(v)=F(=v)=p(—=v)=p(v) . for such reason we can limit the
integration to positive frequencies.
This is done transforming the negative frequency domain simply by

variable replacement v=—v' to get:

¢ (vvo=i®)inp(v) % (=vvo—i®)Inp(v)
:[° (Vz“iz)(\’o—\') dV—_‘[ (Vz‘iz)(\’o"'v)

two integrals in the positive domain:
va P’)inp(v)  (=vvo=i®)inp(v)
nf

dv . We sum the

O (v,) dv which with
R W Pey) (= Pvet)
a little bit of algebra gets simply:
Inp(v) ., (v'=7)7
O(vo)=% f [2 0—]dv to get the final form of
-i?)" T (vg—v?)

the paper whlch gets quite more compact and simpler.

2vy % In
O (vy)=— f 2p(v2) dv There is only a problem, now we have

0 Vo_
a singularity (a pole at v, since we are in positive domain) .
The trick is to subtract a vanishing quantity, that is:

2vy, ¢ Inplyv,
0 f ol O)dv . we have just to show that it is going to zero.

0 Vo 'V
In 2 2 2
plve) 7 _2v0 dv_nm[f R BT j Bk BT
0 VO_V =0 0 Vo V Vg+E Vo_v

He uses two primitive functions which deriving we can show giving
the integrand.

They are the following
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In () [|| _v €+|In%9j—\,v6\° €]=O

Let's denve one and the other to prove t?\at is true

Llineiiy =i b e ey
dv VotV 0 ( e )2 Yo EV Yo=Y Vg_v2
d[ vo+v]_v—vo[ 1 vo+v s AP (P 2v,
dv Ny= Voi~ VotV V=Y, (V—Vo)z VotV V=V v(z)_vz

They differ for a constant, so the derivative is the same.
Now let's show that the quantity actually vanishes. The first member

of the sum is:
. T Vot+Vo—€ 2v,—€
s 0" Yo 0

Ilmllnv—vl -“m““V;)TOﬂ InV—]—Ilm[Inj—]

€0 0 >0 =0
Here's the second

: Vo+V Vo+V 2vy+e
lim [Iny=5 —Ilm[lnv =v; ]—I| - [ Gl
=0 Vo
Now we just sum under the limit sign the two non-vamshlng terms
remaining
2v,—€ 2vyte. 2v,—¢€

lim [In—¢——In——]=limIn[—¢ € _]=In(1)=0
=0 =0 2'\’0+€

So, it is proven. Thanks to this last result we can finally write the
phase retrieval expression as the sum of the previous phase plus
the vanishing quantity the final K-K relation:

2v, % In(p(v)/p(v
9(\' 0 J‘ (v)ip(vy)) d

2

vo—v
Since the modulus is even, we see that automatically the phase is
an odd function (property of Fourier Transform).

The singularity is removed, the proof is given by a Taylor expansion.
It is probably more effective to observe that the logarithm goes to
zero faster. We get our result! Now we can write the distribution
function as the anti-transform of the Form-Factor having the
amplitude and phase of this.
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= J. F(v)eZnivz/cdv:f [F (v)eZnivz/c+’”:(V)e-Znivzlc]dv

Summing we can find our distribution in the space-domain

2f p(v)cos( —z+®( ))d v or simply in the time-

domain by the substltutlon (for relat. Particles z=ct)

2fp Jecos(2nvt+O(v))dv

Zeros in the Form Factor (Blaschke products)

In order to deal with functions having zeros, which are a singularity
for the logarithm it is possible to artificially “remove” the zero by
multiplying with a function that we call the Blaschke product.

So, given the function F(v) with a zero that for simplicity we'll

assume to be simple in w,=u,+iy; , we remove the zero by
v—

multiplying with the function B ( )= V= ﬁ . So, in general we'll

have a new function F (v 1—[ B,(v) . We cannot erase

the zeros, so the trick is to remove a zero from the lower half plane
(where we integrate and the function is bounded) and put it in the
upper half plane.

It is quite easy to see that on the real axis the Blaschke product has
modulus equal to 1, so that the contribution remaining on the real
axis is a phase factor. Another detail, on the real axis the product is
the ratio between complex conjugate quantities, so, the overall
phase can be written also as twice the one in the numerator. We
can write explicitly the expression for the modulus of the Blaschke
product as:

i+ P =2(V, 0, =V,
1B, (v \/ Mol =2(Veltor—Vibtn) analyzing this quantity is

v’ ) _Z(Vr.unr"'vi!-"ni)

more evident that on the real axis it is equal to 1. Furthermore in the
lower half plane (where our discussion has been developed), the
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modulus results <1 ( v,<0 ), so the function multiplied remains
bounded by the product with the Blaschke factor. After such
explanation is clear that we can express the Blaschke product on
the real axis as a phase factor. The phase would appear as:

3(B(v))_ ... 2w(v-u,)

e s=dla——

R(B(v)) (v—u,—u;

Simply showing the intermediate steps: multiplying by the
denominator complex conjugate to have Real and Im part, than
doing the ratio and getting the expression above.

O,(v)=atan

. 2 2 .
v—=u,+iyw (v— —u;—=ipi{v—n
=— .u'=( )"t — 'g ) . It is also possible
V=R =Y, (v=u,)*+u;
to show that the phase is a monotonic function of frequency, but it
seems that such result is not used. Even though, being the inverse

tangent a monotonic function, we just see the argument function:
d 2wv=m),_ 5. (v=u 41}
dv (’V_l"'r)z_vi2 ,((V_ur)z_viz)
was proven before.
The intermediate steps to get to the final expression of the

B(v)

5>0 f o r w;<0 which

derivative are:
d 2pi(v—p,) W] . _ 2(v=wf =2 (= f-ui-2(v—p,)
dv (v—p, )=} Slv=w el (v -l (v P

So, after showing that the phase is monotonic, we can prove a
more important result on the influence of the Blaschke phase on the
function for the reconstruction. From the symmetry property of the

Fourier transform, we know that F(v)=F(—¥) . so, in practice,
for each zero located at pw=u,+iy; , we'll also have another one
at —fi=—u,+iy,; . Inthe end we'll also have to take into account a

Blaschke product for this zeros pair and the consequent phase
introduced by these pairs. Let's see the product first:
2

B (Yoot vhweiw (Vi) owg v e2vi—ue-w
pair(v)— Sl _I + —I or . 2 i 2 2
VoI VR STG (vl oy v 2v -
Following more
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v+ 2ivy— o .
Bpa,,(v)z = 5 from this point we can easily get the
Vo =2ivp—
phase contribution of the Blaschke pair product. Still the phase
contribution is the same, inverse tangent of the ratio Im to Re part.
So, one option is to multiply the last expression by the complex conj
of the denominator to get Re and Im and get the expression as in
the paper. It goes like this:

_(V-pP+2ivi) (v -l +2ivy,)
(V- +4v2u?
to develop the numerator to get Re and Im. Then the Denominator
being real in the ratio for the phase calculation is cancelled. With
such step we get just the expression in the paper. Though as we
mentioned we prefer to get the phase in the following way. Recalling
the previous expression:
\/2+2ivu-—|u|2 A 2vu,;
Bpu(V)=5———=== ©,.(y)=2atan ’
vi=2ivy—° A Vo=
From this expression much simpler, still for 1vi<<ju| we get
©,ar(V)~—4uw,—5 . A phase contribution proportional to the

B here it is sufficient

pair(v)

pair ( 2

frequency in the time domain represents simply a shift of

2c 2l 5 (in fact from the definition used, a shift of {, thatis a —

T
in the argument gives a factor € ¢ ). This shows that the zeros
far away from the frequencies of interest (e.g. emission process) do
not contribute to the key point of the reconstruction. Still from the
same expression we can get the approximation for the vi> | |,
where simply the phase contribution from the B-pair product is zero.
The Blaschke products show what is evident in general in these
kind of methods: the reconstruction is ambiguous. A pure phase
factor will not affect the amplitude form factor, nevertheless this
could change significantly the time behavior of the radiation. Given
in principle the ambiguity for the form factor of a number of
additional Blaschke products, sometimes the phase retrieval found
by the formula (K-K) is also called the minimum or canonical phase,
having in mind that adding-up further terms, the form factor still

—2aivt,
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would be the same (but not the phase).

Example

Let's build a bunch shape (analytic). Possibly a function easily
converted to Fourier domain so to have the analytic expression in
freq. Domain with the given frequencies, cut-off and so on. Then we
should interpolate this to simulate an instrument measurement with
a number of sampling frequencies and possibly an extrapolation at
high and/or low frequency. We'll make the ansatz that the single
particle spectrum is broadband and probably constant at those
frequencies (or known so to extrapolate). If we make the hyp. Of a
number of particles we can estimate the difference of one and
another signal. Then we'll compare the reconstruction with the
original spectrum and bunch shape.

Then we have to see applying the FFT what are the starting point
and the end point frequencies.

We know that the frequency step is given by the time window and
the frequency window by the time step. In this case things will be
reversed. There will be a frequency sampling and this will affect the
time window. The frequency window will affect the time sampling.

Let's take into account a charge of bunch of 100pC. With the
electron charge of 1.602E-19 C=1.602E-7pC. It's 3.74E7 electrons.
In this way we get simply that if we want to compare the intensity of
the spectrum between coherent and incoherent emission, the ratio
would be N—1=~N . So, we have 7 orders of magnitude factor,
quite a good reason to neglect the incoherent part (when
performing a measurement).

Removed Singularity

We found problems of noise in the surrounding of the v, point

trying to find a numerical solution where the function should be
continuous. Let's develop in Taylor the numerator:

f(v)=In(p(v)/p(vy)) . The first three derivatives are.
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In(p(v)/p(ve)) In(p(ve+Av)/p(vy))

vf,—v2 T (ve+v)(=Av)
p'(ve)y, 2,0 (v0) ('), 2y ys
R T C R CA R 77 ) i
vo—v? (vo+v)(—=Av)

This gives a simplified expression when Av>(Av)2 (i.e. in the old
singularity where the lowest term dominates) in this case

in the ol singularity holds now
. In / 3

lim (p(;’) pz(vo)):_ p'(vo) , @and let's put also the
VIV Vo=V 2v0p(v0)

constants in front to have the full integrand:
_(2%) - In(p(v)ip(ve)) _ p'(vo) _ 2"0) p'(vo)

s Vg—"z _—2"09("0)_ f 2vp(vo)
~(232) tim In{p(v)lp(ve)) __p"(v)
L

for the closer points we can use the first two terms of the Taylor
expansion. For the points close to this critical point is better to use
the same Taylor expansion, that is when the condition

(Av)’<(Av)* holds. This is the requested approximation.

p'(vo) +l P”(Vo)_(p'(\’o))z
|n(P(V)/P(Vo))§_[[ plve) ~ 2" plvo) (p(vo))z 12

vi—v? (ve+v)

This could seem not an evident proof that the function is now well
behaved, but it can be shown that a Taylor expansion is the proof.
For those interested, see the difference between a Laurent
expansion and a Taylor one.

Hints on alternative methods (Iterative algorithm)

The introduction on coherent longitudinal diagnostics by means of
the K-K relations is due as a formal introduction and gives a direct
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Fror(y)=—2_de(v)__ 2 d’o(v)

p’(v) dv  p(v) d*v

Let's now take profit of the form of the formula inverting a
normalized Gaussian pulse.

S(t)= ‘,1—26"2’2"'2:F(v)=p(v)=e"2"""“'f Inserting into the
\'ZJTO't
phase retrieval, we get an easy expression because of the
logarithm:
2v,= (V2 =v2) 2v (vi=v3)
O(vy)=—72f-2(no,)f——5dv=—r" | —=2(no,—5—2dv
0 Vo—V p=0 Vo—V

@(v0)=4n0§v0.a where we express alpha as the integration
constant. So, in this case we can see that we have a linear phase
contribution. This is simply (according to Fourier transform) a shift:
the phase is ambiguous respect to shifts as expected.

Numerical Integration for minimal phase

Analytically there's no singularity in v, , but let's show this
numerically. Let's develop in Taylor In(p(v))=In(p(v,+Av)) to

simplify the integrand. Being the series approx. Useful only in
proximity of the point v, we could impose a limit in the Av in

order to use one or the other function.
ain(p(v)) _p'(v)  3°In(p(v))_p"'(v) (p'(v))?

So:

ov. “p(v) " v p(v)  (p(v)?
Now we can write the first Taylor terms:
p'(vo]] 10" (v)) _(p'(v))

In(p(vo+Av))=In(p(vy))+[ ) Av+ Javi+o(AV®)

2" plve)  (p(vy))?
With such development we try to write again the integrand
hereafter:
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formula ready to put hands on data and analyze possible results.
Nevertheless the reader during the explanation has probably
understood that this method presents some critical aspects. We are
going to enlighten these and present a possible alternative method
more robust respect to these problems.
The problem found in the bunch longitudinal profile reconstruction is
a general mathematical problem found in many different fields and
applications.
The idea is to fully reconstruct a signal (that we'll suppose being
divided in N samples) that needs 2N values to be defined by using
only N values (i.e. the amplitude, missing the phase value). The
phase retrieval problem is found also in two dimensions (e.g.
propagation of a 2D light field), nevertheless the 1D problem
presents more issues and fundamental ambiguities. The difference
is the additional information given by the boundary conditions
between one cell and the closer ones. Anyway, it is clear that in
order to find additional unknown values we nked to set additional
properties to the waveform, as we did (e.g. causality).
We will see that the K-K algorithm is not robust respect to some
ambiguities, so that different waveforms can be supported by the
same amplitude spectrum and still fulfill the K-K.
The main limitation of the KK method are:

* The modulus of the spectrum should be known for “all

frequencies”.
» The minimal phase must be a good approximation of the total
phase.

The core of this aspect is included in the Blaschke products that we
have described. The zeros close to the real axis have an impact on
the final phase, while the ones far away only bring a shift factor (i.e.
linear phase), so that these are additional solutions but not relevant
in term of bunch profile.

The origin of the iterative algorithm we present comes from 2D
optics, where an unknown wavefront is propagated from the object
to the detector plane. The algorithm has to fulfill the constraints
measured for example in the Fourier space and possible
information on the “support” in real space. Normally is typical to
make a guess about finite size of the field by additional information.
In 2D the algorithm tends to be robust respect to noise and
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unknown ambiguities. In 1D there are fundamental ambiguities
harder to remove.

FT[s(t);s(t+t,);e'“s(t);3(—t)]=p(w)

The ambiguities with shift, constant phase factor are not important.
The reverse in time is more difficult to handle and the iterative
algorithms (also in 2D) can have stagnation effects in which the
algorithm bounces between one and the other solution. In 1D the
reconstruction problems are even more serious with difficulties
when the profile is composed by scaled replica of the same pulse
(or when the algorithm bounces between combination of such
solutions). The additional conditions can greatly improve the
convergence of such algorithms.
Additional improvements have been added recently to the algorithm
in the iterative process, and then a further phase of selection of
different solutions coming from different initial guess for the phase.
Such step has shown to bring additional stability respect to noise
and ambiguities.
Such new method is divided in two steps:

» |terative phase retrieval algorithms for different independent

guess of the phase
» post-selection of the results.

Iterative phase retrieval algorithm
We start from the measured quantity in frequency domain:
Riia (o) , while the signal that we want to reconstruct is s(t)

Since we deal with data in form of array (for example through DFT
or FFT), we will use this notation

tn)

S),S

Where the subscript refer to the array element and the superscript
to the iteration number.

Initialization step of the algorithm is to define a random phase (p:o'

This initial phase will be assigned to the measured spectrum to form
Sio:':pueasv expll(p'oll

Page | 68



HELLENIC et ) ST SR e
i N wipme  ® 08) Wop Q@

o] o [E——.

the iteration no. O of the complex spectrum.

Now we can define the iteration loop through the following
algorithm:

* Inverse FT the zero-th complex spectrum to get the zero-th
longitudinal distribution: g7-1 (8=

* Impose time domain constraints coming from any possible a
priori knowledge on the support of the function. Update the
time domain function to

» Calculate the FT to get the following iteration in frequency
domain:

FT[gl‘oj‘]zslﬂ:(p[ﬁzarg[siﬂ]

+ Update the frequency domain by applying the measured
spectrum constraint ”

1 1 !
Sl I = pMeas P

The iteration procedure can be repeated up to convergence, when
the solution gets to a steady state and doesn't changelin apreciable
way.

In order to have some indicator to be used to state when to stop the
iteration we may use two figures of merit:

(k)
And a second one: e =y ,‘ELI._‘)_@_EZ
K j pMeas J

The second FOM refers to the adherence of the spectrum
amplitude to the measured data before applying the constraint of
the measured data. When both FOM will be below some thresholds
fixed by the user the algorithm is completed.

As we mentioned the constraint in time domain are very important
for the convergence of the algorithm. Typical condition is that the
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duration of the bunch (i.e. also reported as support of the function)
is limited to a certain quantity.

With a too small support the algorithm will find problems to
converge, while for bigger support some ambiguities will arise and
the algorithm will find problems bouncing between ambiguous
solution. An approximation to be taken with care is the use of the
autocorrelation to estimate the bunch support.

A very easy condition comes from the fact that the bunch
distribution is a positive and real function, so the Hermitian
ambiguity doesn't occur and we only have the time reversal.

nELLENIC B & G s e i G
i N wipme  ® 08) Wop Q@

Several “tricks” can be used during the iterations when applying the
time domain constraints. The so-called Hybrid input-output
methods, imposing a mix of condition in the input and output results
have shown more rapid convergence. Another class of methods
known as the Error Reduction ones have shown less tendency to
stagnation. Recent results have shown excellent performances of
the so-called “shrink-wrap™ algorithms that continuously update the
support of the function. All these methods can be beneficial in case
of specific waveforms.

Post-selection of results

After the iteration process has given N different independent results
(i.e. N arrays of size J). Let's now call ¢4

J
the solution A (in the j sample). The aim of this step is to select the
best solutions and average them considering the Merit Functions
defined in the previous section. The selection is made considering
the best value for the ¢, that means the algorithm resembling closer
connection with the measured data. We make a general check that A
is also low, denoting convergence of the algorithm and in principle

the smallest ¢ is used as reference solution SR

j
Once the reference solution has been selected, the other solutions
are going to be compared to this in terms of ambiguities of the
algorithm, that is, the time shift and time reversal. We'll run some
normalized, discrete cross correlations between these solutions and

the reference one as follows:
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Taking into account that we are dealing with arrays of size J, these
cross correlations are to be considered as cyclic. For each solution
we find the values of shift that maximize the cross correlations
calling them

<R § M, =M
h ;| = c;,;C;

We will sort all the solutions according to the criterion of closer
proximity to the reference solution by the ambiguous factor of the
cross correlations:

M M
p,=max(c;,c;)

All the solutions above a certain threshold of this figure of merit will
be selected and averaged to get the final solution.

Many customization could be made in the fine steps of the

algorithm and in general these kind of methods have shown to work
much better in the phase retrieval.
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4.1 Explanation on Incoherent longitudinal diagnostics

We start recalling some essential concepts of temporal coherence, necessary
to explain intuitively and then formally the idea behind the time duration
measurement of a bunch by fluctuation of the emitted radiation.

As a starting point, the coherence concept has been introduced in order to
explain the presence of interference between two fields. The time coherence
refer to the presence of interference between two fields in the same spatial
point, but at different time delays. The more contrast will have the fringes of a
Michelson interferometer (contrast means that the fringes will be able to
completely cancel the contribution of the fixed intensity by their negative
interference), the more will be considered the coherence degree between the
two beams. Let's write the intensity read by a detector at the exit of a
Michelson, depicted hereafter.

A o=
A

M2
Source S B Field 2 Fﬂ
BS
o
o
'S
| .
T M1

Let's write the intensity:
1(0)=(|K,u(t)+K,u(t+7)])=(K*+K2)I +2K K, R[T(7)]

I(v)=(u(t+T)a(t))

The intensity as usual is given by a baseline of intensity due to the single
arms and then a term of interference, totally represented by the
autocorrelation function, also named self-coherence function.
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We can simply re-write the expression normalizing the autocorrelation
function to get what is known to be complex degree of coherence.
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1 (v)=(K2+K2)1 [1+ 251820 (o))

2 2
KirkK,
Where the complex degree of freedom is:
Ir'(v) :
(t)= , y(e)=1
r o) ly ()|

Let's briefly recall here that the autocorrelation is a symmetric expression and
that the maximum is in zero (through properties of Fourier transform).

We can now simplify the intensity expression in order to resemble the familiar
behavior of an interferogram with its fringes as usual. For such reasort we
make the ansatz of a quasi monochromatic field. The ansatz is for the
autocorrelation, but being the spectrum of the autocorrelation the energy
spectrum of the signal, we can say that one resembles more or less the other.
Let's take into account a general polychromatic field, this can be written as:

V(t)=A(t)e—j®(t)e"jmot=2J‘ V(w)e—jmtdw
0

Where we just extract the mean frequency contribution.
o
A(t)e""~A(0)e " Y=2 [ V(w)dw
0

t<1/Ao

We can now see that for a quasi monochromatic field, for times below the
inverse of the bandwidth we can approximate the amplitude and phase of the
signal as a constant. Please, notice that such approximation has been made
for an arbitrary time, so this means that it is valid for whatever point in time
domain. We can now approximate by such an expression the complex degree
of freedom:

y(t)=|y(0)exp[—j(®t—a(0))]
T<<1/Aw

We can now re-write the intensity in a simplified way, resembling familiar
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expressions found in many textbooks. For sake of simplicity we account the
amplitude of the two arms as equal:

I,(t)=2K?I,[1+]y(0)/cos(®t+c(0))]
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This now resembles the well known waveform encountered in case of a
monochromatic signal. Let's see what happens in case of different values for
the complex degree of coherence (and different time delay).

2

! I"T\ [~—Monochrom. T
E,,f,f,.j.‘r,f;—eauss c=4T |

R 1 Ry L LI
f T

1.8

o

NORM INTENSITY

TIME [CARRIER PERIOD)

As a comment to the graph we introduce here the well known quantity that is
defined as the fringe visibility:

v — max_ Imin

I+ .
max min

When we have maximum visibility equal to 1 we have perfect coherence, and
also complex degree of coherence equal to 1. When the complex degree is 0
we have total incoherence that is visibility also 0, in this case, interference is
never detected. Normally we are in the middle of these two limiting positions,
where monochromatic beams represent perfect coherence and obviously not
existing in the real world. What we have shown is that for signals of a certain
bandwidth, and delays below a certain characteristic time, that we'll call the
coherence time, we can approximate the signal as monochromatic, hence
perfectly coherent:

Atc""""‘/A(I)

This is the general behavior of a light beam.
(Here if there's time a more intuitive explanation about coherence time taking
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into account the frequency content).

4.2 Heuristic explanation of time domain behavior

Let's try to analyze what happens on a general point of view in time domain to
a partially coherent light field. In our discussion we are interested in pulsed
light signals and we'll stick our treatment to that.

The previous equations have shown that a light signal is not able to produce
interferometric patterns after slipping over its coherence time (i.e. or length if
multiplying by c).

Let's try to understand which time domain waveform reflects such behavior.

In time domain, we can think the light beam as composed by different
intervals approximately of the order of the coherence time. Every such slice is
internally coherent, but every slice is completely incoherent respect to the
other slices (for example in a Michelson interferometer). This means that
every of these intervals is completely uncorrelated from the others. Let's now
postulate about a possible intensity measurement of such pulse. We can
readily state that the full intensity will be given by the sum of the contribution
of such coherent slices. Let's state that given the pulse duration, there will be
a number N of slices included in it:

N=1:F,Au)=17F,/'cC

Let's now take into account the shot to shot fluctuation of the full pulse. From
the previous considerations we'll state that the intensity is composed by N
independent contributions (i.e. the slices) given by N random variables.
These variables can be considered obeying the same statistics, but being
independent variables (i.e. no correlation). With such a few and general
assumptions we can get an insight in the pulse fluctuation statistics respect to
the slice statistics:

- - AU
o,=No, ; w=Nu,

<

=

_ 1

N e

The intensity fluctuation can give us an insight on the number of coherent
slices present in the pulse, together with the knowledge of the spectral width.
This shows us the potential of such a technique. Now let's try to formalize
more such method. As for the coherent reconstruction, we are building a
method that is able to work with many radiation sources (e.g. Cherenkov, TR
etc.). The important part is that the emission has to be broadband enough to
satisfy the different requests of the method.

So, let's start from a general electron bunch distribution radiating through a
generic physical process. The electric field radiated by an electron at the time
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t and towards an angle 6 is written as follows:

e(t,0)

Where the angles are defined in this way and are taken respect to the beam
direction of propagation, z, according to the following picture:

AY
|
! |
1
|
o G L
B & |
/’_’_/” e |
~ - >
"e‘ RS 7 Z
x \\‘
\\ /
N

The ansatz on the angles is that they are small.

o=(0..9,] . (8,

.10, <1
h 4

From the picture we can see that the vector 8 having as component the two
angles respect to the direction of motion corresponds to the unit vector
pointing at a detector at the angle 8. Using the same notation as for the
coherent case:

n=(cos®,,cos0 )=(sin6,,sin6 )=~(0,,60

The other ansatz is that the divergence of the electron beam is small so that
the divergence of the radiation is the only one to be accounted for and we
don't have to convolute this with the divergence distribution of the beam.

With this background we can now write the general far-field in the same way
it was done for the coherent approach summing all the electrons’
contributions:

N
E(t,8)=3 e(t—t,—'r,_.6,0)
k=1 C
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Here, as seen in the coherent _Az,
approach the time is: b

while the vector r_k is the vector pointing at the k electron position in 2D
transverse space x,y. Recalling that the 8 vector is the unit vector pointing at
the detector, we see that:
1 K 9—1 = "
C C
exactly the same delta time given by the transverse position of the electron as
found in the previous lecture. Let's now give additional details on the
formalism presented. The position of the electrons are considered to be
random within a certain distribution. Such position will fluctuate from shot to
shot, but in the long term the whole ensemble will give a certain bunch
distribution. Let's introduce some normalized distributions:

F(t)dt , Sf(t)dt=1
F(r)dr , [F(r)dr=1

We split the distribution in transverse and longitudinal, where the quantities
on the left represent the probability to find an electron in that position. As for
the previous lecture, the ansatz for the particle position is that they belong to
the same distribution but different particles are independent, so that:

(E t =t )<{t)
(X, X p=(x,){x,;)
YV Y=Y YD

We are finally going to look at the spectral properties of the radiation emitted
by the bunch, by Fourier transforming the time domain quantities:
)
A o it jot +j%r .0
E(w,0)=[ E(t,0)e’" dt=6(w,0) z e °
—00
k=
The interested quantity is in general the energy spectrum being proportional
to the modulus square of the electric field spectrum. The overall power
measured by the detector is also supplied by additional correction factors

accounting for spectral and angular filtering proper of a transport beamline.
So, we'll focus on the overall power spectrum:

P(w,0)=S(0)R(w)|E(w 9]
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Now we introduce a new function in order to distinguish the single particle
spectrum and the ensemble contribution of the full bunch:

T(0,0)=S(8)R(w)é(w,8)
And re-write again the full bunch power spectrum as:

N :
P(w,0)=T(w,0) 3 e/l trnr)ocl
k,1=1

This is the power spectrum of the full bunch. Just, it is the power spectrum for
a particular distribution of the bunch, so let's try to get the average power
spectrum of the bunch recalling the same procedure used in the coherent
case, introducing the bunch normalized particle distribution functions in time
and transverse space. We give here the procedure for time domain, the same
is repeated. Dropping out the single particle contribution for the moment
being, let's look at the exponential sum:

N 3 N .
1 2 e""'*:l > [o(t—t )’ dt
N k=1 N k=1

Powsctabs
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Where we used the delta train in order to put the exponential in a continuous
variable. The 1/N factor is a normalizing factor of the distribution. As we
expect, going to average over the different bunches trials, we should average
to the bunch distribution. So, let's average with the distribution function
introduced before:

1 & jeti_ 1 N jot i jotdt
(=X e"=—2 [[a(t—t)f(t)e' dt dt=]f(t)e
N k=1 N k=1
I'm not well convinced of using the delta in terms of normalization.
So, again we see that averaging over the different realizations of the bunch
we get the Fourier transform of the bunch distribution, that we introduced and
defined as the Form Factor (i.e. the abs square of it). With this identity we can
write the average power spectrum:

(P(,0))=T (0)(N+N?|f ()] |F (k0))

Where we divided the bunch distribution to give two form factor, a longitudinal
one and a transverse one according to the following formulas:

ft(w):_fuoft(t)ej“"dt

F(k®8)= | F(r)e’ ® dxdy

-0

Page |79



o] o [E——.

Let's recall the extensive comments made on this formula during the previous
lecture. We can observe a coherent part of radiation proportional to NA2 and
an incoherent part proportional to N. The coherent part is weighted by the
bunch form factor, so that we can distinguish two limiting cases, let' say low
and high frequencies. Guessing for example the time distribution as a
normalized gaussian of variance 5
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We can easily see the two different regimes as coherent and incoherent
dominated regime:

w<o, = N2|f‘(w)|2>>1
w>0, = Nzlf’(w)'2<<1

This time we'll focus on high frequencies and incoherent emission. According
to the features of the two emissions, one could ask why we want to use
incoherent radiation, since that doesn't contain any form factor, that is what
carries the bunch distribution information. This objection is indeed true, but
only in the averaged distribution. In the power spectrum, the contribution of
the bunch is still present. Let's try to reconnect this point to the initial
introduction aimed to give a direct insight into this phenomenon.

4.3 Deeper explanation on the fluctuation source

Each realization of the bunch (and the related radiation emitted) reflects the
intrinsic stochastic distribution of the particles. Such random process creates
a random fluctuation of the overall intensity emitted for every process
realization. The fluctuations come out from the interference between different
particle contributions. On the high frequency scale (wavelengths comparable
with the position fluctuation inside the bunch) such random changes have a
role, while in the low frequency scale (coherent radiation), such fluctuations
are negligible respect to the wavelength and to the interference pattern.
Averaging over many pulses will smear out such fluctuations, since in the
long term, all the stochastic process realization will converge towards the
average bunch distribution. As it is probably evident from the previous
analysis, the average power spectrum in the incoherent case (i.e. high
frequency) is simply reduced to:

(P(®,0)=NT(w,0)

As we said, there's no more bunch information out of this, but let's see what
happens if we go for high order statistics (i.e. for people who are familiar with
the topic, this resembles the intensity correlations of Hunbury-Brown theory):
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feol o't ~1) Y ~r e k'8'(r_~r )
(P(w,8)P(0',0')=T(0,8)T(0',08") 3 (g!tH il > (gt R

k.l,m.n=1 K, [.m.n=1

Here we can see the two sums relative to the time and space parts,
respectively as from the publication. Here the uncorrelation is between time
and space. Let's look more closely at the sums reported here:

N N
Z jol(t,—t)+jo'(t_—t ) Z jkO.(r,—r)+jk'0'(r —r )
< e m n e m n >
k,l,m,n=1 k,l,m,n=1

Let's now reorganize the sums in order to extract the constant terms and
simplify the expression:

(T /IRy T (T ot AU T =N+ T )N T )

k#l m=n m#n k£l m#n

This turns into:
(N+DS)(N+D L D=(NP+ND AN D L+ D)

k#l m#n k#l m#n k#l  m#n
Using the substitution of the sum by the integral introduced before we can
write:

A 2| 2 2 A 2| 2 2
N*(1+N[f (o) |F,(ke) +N|f (o[ |F (k' [ )+(X . 2 )
k#l  m#n

It is time now to point out some detail on the form factors given by the
incoherent regime we are working with, so that:

N|f(oo)|2<<1 , O>

cutoff

Same condition is expressed for the transverse form factor.
So, translating such conditions to the average sums above we only have the
following terms remaining:

N2+<Z ej"’(tk"t;)+jke'(’~_’:) z ejm'(tm-tn)+jk'6‘.(rm—rn)>

k=+1 m#n

Let's reorganize the elements under the average brackets in order to further
extend our comments:

N N
< Z eju)(l’(At,]d‘jm‘[lm—-ln] Z ejke.(rk-r,)+jk'9'.(rm~rn]>

k,l.,m,n=1 k,l,m,n=1
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If we proceed with the average with the same procedures used above, we'll
have different terms corresponding to the form factors seen already and
approximated to zero. Looking more carefully the two sums we'll realize that
the only indexes originating non negligible terms are the ones for which the
timeI and space frequencies are subtracted one from each other. Such
indexes are k=n, I=m, in such a way to get:

N N :
< Z eji_m—m ,l(lA—I']>< Z ej(ke—k (] IA(rk—r‘)> :

k,I=1 k,I=1

.
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k=n,l=m,k#Il

And then, in terms of form factors:

N N : ; . A A
< Z eluuﬂu Jll,-l,)>< Z e}{k9~k (] ]-lh“’,") =N2|ft((l)—(ﬂ ')Ile(kB—k ) ')Iz
k,i=1 k,I=1
It is easy to realize that for relatively reduced spectrum (temporal and spatial)
the frequency difference is going to be limited and so the form factors will be
not negligible as much as it happened for the coherent case, in a more subtle
way here. Let's write the complete expression of the power spectrum
autocorrelation:

(P(w,8)P(0",8")) ~N?T(,8)T(w',8")[1+[f (w-w"[F(k6—k'e"[]

We'll use the autocorrelation a few steps ahead. Let's now focus on the full
radiated energy that we'll also use to get to our fluctuations' analysis.

e= P(0,8)dwd6,d0, ; (e)=[(P(w,8))dwd6, do,

As we are interested to the incoherent fluctuations, the core quantity under
analysis will be:

2 <A€2>
Sl

Let's use a well known result from basic statistics:
(Ae?)=((e—(e))*)=(e*)—(e)

Let's look at the members of such equations:

()= P(w,0)dwd0])=(J P(w,8)dwd8 [ P(w',0')dw'd0")

(=[] (P(,8))dwd0] = [ (P(w,8))dwd8 [ (P(v',8"))dw'd0’
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Now thanks to this result we can use the autocorrelation expression found
before. In order to have more compact formulas we'll use such notation:

P=P(®w,08) , P'=P(w"',0")
So, let's write the delta expression with the new results:

8*=(e) 2 [[(PP")—(P)(P")]dwd ®»'d8d8’
using the previous quantities found for autocorrelation and average power:
(A?)=N?[ TT'[1+|f“,[m—m']|2]i:(ke—k'e')jz]dmdm'dede'—N”j’ TT'dodw'dede’

And now we can write the final expression for the average fluctuation of the
intensity measured: I

e (A N[ TT[f (0o [F(ke-k'6)
(e N?[[ Tdwdde]’
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“ldodo'dede’

This is the formula we were looking for, even though it doesn't give us insight
into the process. For this purpose, we choose an easy spatial, temporal
distribution of the bunch in order to get some significative result that can
support all the introduction we gave on a heuristic base.

Let's analyze a particular and easy case in order to illustrate what we have
been introducing much before. Choosing a gaussian normalized distribution
function in time, so that, according to the convention had here for Fourier
Transform we have the following pair and the consequent form factor:

2 2 2
~t 0,0

Ir—
o, V2m

ft ((D)’Zze—o,zm2

For sake of simplicity let's assume perfect transmission and the filter

functions being:
T(w,0)=1

Let's operate the integral for the time frequency domain given that the
integrand is here separated in products and so the different integrals are
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carried out independently:

o= Tf(0o—ofdodo'=] ] e dudo’

—00 —00
neglecting for the moment the spatial part. Let's develop this:

622_:.? Te—o,z(w2+u)'2_2w(0')dwdw,= ‘IE

\o?

b2—4ac]

— 2 T
e (ax +bx+c)dx=\/|£e 4a
a

8"—a8

a>0

Here we get a first result for the simple gaussian case that is the core of the
information we were looking for: the time distribution. Nevertheless let's also
calculate the integral for the spatial parts, still with a simple gaussian
distribution:

k'0'~k,0' ;
I |F(k,(e-8")

£ W2 ,-kiloi(e,~8, P+al(e, -0, F)

F(k,(0-0") =e

2 — = [ T

de de .de de = & |-Z
Y e\ Ko

Putting all together we finally find the complete expression for the intensity

variation:
62:\/7“\/ T \/ T
2 2 2 2. 2
a, koox kooy

This is directly showing us the result we were looking for. The fluctuation
analysis of the intensity is directly related to the standard deviation of the time
duration. The spatial distribution also has a role and contributes to the
fluctuations, so that this should be taken into account. Let's analyze a more
realistic case with the spectral and angular transfer function different from a
unit constant.

2 2
((u—u)o] 0 0
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We'll keep using the same gaussian form-factors previously employed.It is
possible to prove that in this case, the energy fluctuation is:

1 1 1
V1+4020% {1+4k20% 02 | 1+4k2 02 o2
I

For small transverse beam size, the expression reduces to:
52 1

2 2
\/1*‘400)0,
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&%=

From the knowledge of the spectral variance, for example by a filter, the
expression can be further simplified if the following stands:

1
o,»> — =0,

20 g

w

This means that there are many coherence length in the duration of the pulse,
that is another way to say that the pulse is incoherent. If so, the energy
fluctuation reduces simply to:

‘2~ 1 ofc_ 1

With M being the number of coherence lengths included in the pulse duration,
or the number of independent slices inside the pulse. We recall exactly the
same result that we found by mean of a general and more heuristic approach.
In the textbooks talking about coherence we can find that each slice radiation
can be modeled with a Poisson stochastic process whose intensity has 100%
fluctuation. This simply brings us to find the result that we have seen here for
a bunch radiation and in the heuristic case. Fixed the spectral range, we can
see that the measurement is more effective for short bunches. For too long
bunches, the smearing effect brings a low fluctuation.

Of course, the real world is not that easy and we saw that for example, the
transverse finite size brings an additional contribution to the fluctuation that is
not related to the time information. Getting more deeply into the experimental
conditions, we also need to evaluate the number of photons implied in the
measurement. If the photon number is too low, we'll need to take into account
an additional fluctuation due to the photon shot noise contribution. Another
added stochastic phenomenon is given by the photon to electron conversion
in the detector used. All such fluctuation terms should be added in quadrature
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(in the denominator of the delta square).

4.4 Possible improvements

It would be possible to decouple the detector shot noise contribution by
applying different neutral density filters. In this way it is possible to change
only one contribution to the variation and after evaluation decouple that from
the measurement. The transverse size contribution can be also decoupled by
using different bandpass filters with the same central frequency but different
bandwidth. The longitudinal term only depends on the bandwidth while the
transverse only on the central frequency. By different filters it would be
possible to estimate and decouple one of the two variations. The charge
variation can also play a role. This is due to the fact that in theory the N
(charges) cancel each other, but this happens when the average on the
bunch has the same charge. If the charge also fluctuates, this factor should
be taken into account and used to re-normalize. This can be done by
measuring the charge shot to shot.

Page | 86



e N wipme & 0D Wopl @ -Erasmus+
PowerLaPs

Innovative Education & Training in High Power Laser Plasmas

Laser plasma diagnostics - Theory and Experiments

Chapter 5: Streak cameras and related
measurements

G. Gatti

Erasmus+

VNIVERSIDAD
B SALAMANCA

Page | 87



5. Introduction to streak cameras and related measurements

The Streak-Camera is a device aimed to perform high-speed time resolved
measurement of light pulses. The high flexibility that this device can offer,
ranging from the ns time scale up to the hundreds of fs one, the wide range of
photon energies (IR to X-rays), makes it an essential tool in laser-matter
interactions. The concept of the Streak-Camera has been fruitfully extended
with laboratory prototypes to surrounding fields (attosecond science, particle
accelerators etc.). We are going to introduce the basic inner components of
these devices with some hints on possible applications.

5.1 Motivation

Time-domain characterization of light, especially for fast phenomena is a very important
topic in many branches of physics (e.g. biology, chemistry, accelerator physics, plasma
physics etc.). The time variable is the more subtle to unveil, especially on short scales,
where the conventional electronics start to have limitations. Very wide application on
laser related phenomena.

BW = GHz —)> Time Response = ns
Many techniques adopted in different frameworks and time-scales to circumvent this
problem. With Streak-Cameras we pass from conventional electronics to “unwired”
electronics, where electrons travel into the vacuum of a streak-tube.

It is very well suited to cover (with different devices) the range below 1 ns up to a
few hundreds of fs. In the ultrafast time-domain, some limitations of the device make
harder to work, and side problems arise (e.g. time jitter, synchronization etc...).

5.2 Concept

As in many other instruments, in slight different way, the idea is to convert the
time variable into a space variable and measure space where we suppose to
have a higher resolution and less limitations compared to time.

Converter
2 (Streak-Camera) 2
gz 2
) [}
= O -
Time Space

If we succeed, we map Intensity vs. Time into Intensity vs. Space. This is the
definition of an Image. We will use the space (i.e. pixel position for the timée
variable and the intensity of the pixel, or count for the Intensity variable).
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Normally we don’t map 2D (Time and Intensity) into 2D ,but 3D (Time, Space, intensity
into 3D, where we employ one dimension for Time, one for Space, and one for Intensit

A
> Conversion
2 > o |
c
2 O
£
[}
£
= O
What is mapped here with a false color scale, in >
a digital image will be a count (i.e. greyscale) with Space

a certain range according to the number of bits.

For example 0-255 for 8 Bits Images. False colors replace the

Intensity scale
5.3 Implementation

Photons are converted into electrons, deflected by time varying electric field into an
imaging screen, where the electron distribution in space is again converted into photor
and read by a conventional digital camera.

Waveform - —
A

L]
Voltage ,
e Screen
Photons Electrons
C—
O
/ Y V v
. . v = ]
Streaking Field Deflecting
Plates
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Apart from the rough description, things are not so easy. And such scheme doesn’t work.

Guess why?

The Spatial “footprint” of electrons plays a big role in resolution

A
AT
= e
2
(O]
E
@
Time

Conversion

> o |

Time

A

Space

The footprint would be the Point Spread Function of the system, that is, the size of the
electron beam for a delta function in space with no streaking field.

Light Beam

Space

Space
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Solution: minimize the PSF, this is done in two steps

o] o [E——.

Step 1: Reducing the source size l Slit
Photons Electrons Photons Electrons
® e
® N ee
.S Al i
EM Lens
Photons Electrons Image Plane
P T
ee ™~ @
TSy /

Summary: we can now outline the building blocks of a typical Streak-Camera
with a short description aimed at displaying the task carried-out by each.

Input

‘ | Slit —>{ PC [—

BUILDING BLOCKS
Imaging || Deflecting |___| Screen
System System "I (MCP)

Camera

« Slit: Normally movable, allows for minimizing the electron source size improving resolution
* PhotoCathode: Converts the incoming photons into (photo)electrons via the photo-electric
effect. We'll see in the limitations that a polarized anode is also necessary.
+ Imaging System: It is an ensemble of magnetic or electrical elements performing an image
of the e-source plane on the screen plane (keeping a small el. size though the angular spread).
+ Deflecting System: It is the device aimed to impart the deflection to the electrons and hence

the time to space conversion.

+ Screen: |t is a device in charge of reconverting the electrons into photons, preserving the
spatial information and most of the times intensifying the image.
+ Camera: It is a digital camera with the proper dynamic range and the coupling optics to make
the image of the Screen distribution and give as output the final image.
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5.4 Building blocks
Slit

It is apparently a simple element, though there are some details to be mentioned

Diffraction gives
an out divergence

QocA/D

slit

Focus mode: There’s a “preparation” mode of alignment of the Streak-Camera
where the Streaking Field is not applied. Here we can optimize the coupling of
the light and set the optimal width of the slit in order to optimize the PSF.

Optimal Size

In order to minimize the PSF normally the slit is closed up to sampled by at least 2/3
pixels (magnification here taken into account). In general opening ranges less than
20 um bring deep diffraction patterns and are to be excluded.

Photocathode

The Photo-Cathode is the element converting the incoming photons into electrons
by the photo-electric effect. The intrinsic assumption is that the time shape of the
light is well preserved (prompt response) and the spatial resolution as well.

Assumption: linear photoemission, 1 photon interacts exciting 1 electron

Lot of complex phenomena happen around the photo-cathode, we try to give an insight
and a baseline for those interested to go deeper into the topic (bibliography)

The most direct and used method of modelling photoemission is due to Berglund/Spicer
and known as the 3-steps model. The process is divided into 3 main phases:

1. Absorption of a photon by an electron (i.e. photoelectron)
2. Electron escape towards the surface
3. Overcome of the surface barrier

Each step includes an impressive number of details, given that the specific

type of material and the specific experimental scenario can change abruptly
the outcome of the process
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1. Absorption of a photon by an electron (i.e. photoelectron)
2. Electron escape towards the surface
3. Overcome of the surface barrier

1. We want full absorption of photons (poor reflection), to lead to high QE and

proper absorption inside the material. We want possibly the photoelectrons not
being generated to far away from the exit surface. We also would like the PC to
be broadband at least for the Streak-Camera.

2. The excited electron can drift with a random direction. It usually has collisions
according to the specimen, changing direction and decreasing energy. Normally in
a metal e-e scattering is dominating where e-p is in a semiconductor.

3. Once in proximity of the barrier, the electron needs to have a kinetic energy
perpendicular to the barrier at least as big as the energy gap. The barrier obviously
is not constant and is affected deeply by a vast class of surface phenomena. Though
electrons can escape it is necessary to apply a polarization: an accelerating voltage
to favor the electron extraction (more clear later).
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Focusing system

The aim is performing a high quality imaging, so it is good to have a perfect
(el/magnetic lens), though respect to light optics, the problems increase,
but we'll see these aspects in the non-idealities.

Typical type of Lenses

Tube Lenses Aperture Lenses Quadrupole Lenses
Wz
il 4

Electric and magnetic lenses suffer aberrations as much
as the optical ones, more complex configurations of
multiple elements to correct aberrations are possible

Typical: Spherical, Chromatic, Astigmatism etc...

Deflecting system

The requirements of the deflecting system is the fastest possible ramping field, which
is the “brute force” factor for increasing the Streak-Camera Resolution.

Warning: the twd simple deflecting plates for high speed operations (KV/ps) start having
bandwidth problems. More complex structure with embedded Transmission lines
are employed in the highest resolution devices

\ /

e \ | - —
\ ‘\l ,'/ (/ Fringing field introduces a different
;;ﬁ_ e deflection and transit time for electrons
. / / { ‘ ‘\l \\ on different positions.
o—— { {1111 RR R
\\ \ } /’ Mitigation limiting the access window
\Q T BER in the deflection plates and
] T 11X grounding part of the fringing fields.
— | \ SRR
/ \
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Screen (MCP)

The Micro Channel Plate is a flexible and valuable device and it is basically an electron
multiplier. Can work with photons, charged particles and with different configurations.
Can be used in time domain (e.g. ToF, Gating) or in imaging mode, with a phosphor.

CHANNEL 2 s >
It is a device that can be configured
CHANNEL OUTPUT

WALL ELECTRODE for different purposes. It is a
multichannel electron multiplier.

INPUT
ELECTRON o—.%

Firae INPUT SIDE
STRIP
] E'-Ecﬂ/ CURRENT
P (B

QUTPUT
ELECTRONS

Several stages can give more gain.
The gain is around 1E2-1E4 per
stage. The maximum resolution
(channel) is around 20pum. More

gain decreases the resolution.

z.(« \ The ones for streak cameras have a
i | phosphor screen on the back to make
\ an image. It usually emit in the green.
Through the voltage we can
change the gain.

Camera

Quite easy to be explained. The analog image of the phosphor, in the back of the
MCP has to be acquired (digitally). We need an imaging device (i.e. camera) and
an optical imagine system from the object plane (the phosphor) to the sensor plane.

The camera needs to have the right sensitivity and dynamic range to fully capture
the features of the image. The assembly imaging system plus camera need to
fulfill a resolution on the order of the MCP one. Main choices of imaging systems

are optical but optically bonded fiber arrays are employed.

Image Relay CCD-surface
e Intensifier coupling lens 6.5 x 4.9mm
(1/2" format)
Scintillator T
] 10—
s
_ v
— Optical fiber
CCD-chip
CMOS/CCD
\ / . . . .
_ Fiber is very efficient and preserves the
 Read-out camera from ionizing radiation. Needs

specialized manufacturing
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5.5 Limitations

All the different parameters representing a limiting factor can be translated in an
additional AT to be added to the minimum response function.

Main aspects

1. Time spread photocathode

2. Energy Spread

3. Time Spread in the Imaging (Ideal+Chromatic)
4. Fringing Fields in deflectors

5. Space Charge

1. The different absorption depth of the photons, the different random paths with
collisions spread the response time. The choice of material and geometry can
mitigate this effect. Usually this factor counteracts Quantum Efficiency

2. Let’s take into account that the transport is not going to increase the energy
spread. The intrinsic spread of photoemission (photon bandwidth, collisions, random
paths) translates in different velocities, and delay between faster and slower el.
Mitigation through very high anode voltage (Mv/m). The energy gained by the
electrons makes the spread negligible, and if el. relativistic flattens velocity and
turns-off the space charge (another point).

3. We have analyzed the lenses in terms of imaging performances, but we have a
further intrinsic problem:
different trajectories bring a different ,/ | __

path and time spread. Mitigation is et Flane | a3 T
optic (reduce charge). At least this o— o e

benefits the aberrations. Chromatic Patiry

effects also bring further time spread
apart from the increase in the PSF. \/

made through limiting aperture of the \‘
|
|

4. The fringing affects the final spot in the image plane, but also the transit time of the
el. Again, limiting the aperture can help and also short and shielding of the dispersed
field can mitigate the problem.

Page |96



'5 - Erasmus+

Space-charge (i.e. Coulomb repulsion/attraction) has a complex and multi-fold
effect in the Streak-Camera output. Let’s try to analyze the main aspects.
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« SC makes harder to extract charge by the PC. It can be seen as an image-charge.
This is the first reason to have an extraction field through a high voltage anode.

+ SC limits the maximum current through the Child-Langmuir law. Still high voltage
anode helps counteracting this effect.

+ SC induces a time spread of the pulse. At the same time induces an energy spread
which affects (see energy spread) and increase the transit-time spread. Still the anode
voltage helps because SC decreases abruptly with the energy.

Force

Virtual Real

D (0 0000
0000
0000
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6 Ultrafast laser pulses characterization for applications

6.1 Introduction

The recent advances obtained in the development of ultrafast pulsed lasers have contributed decisively
in a large number of fields (atomic and molecular physics, plasmas and particle acceleration, chemistry,
telecommunication, biophotonics, etc.) Now-a-days, it is possible to generate pulses of light with a few
femtoseconds (10*° s) [1-3] of duration or even shorter, in the attosecond domain (10°% s) [4], being the
shortest events ever generated and measured by humans. These ultrafast pulses are, on one hand, an
exceptional tool for exploring the fastest processes of nature [5,6], e.g., electronic dynamics in atoms,
how chemical reactions and bonds are produced or knowing how materials react to disturbances. On the
other hand, the ability to accumulate significant amounts of energy in extremely short time periods allows
the interaction with matter at multiple levels: from changing the properties of light (non-linear processes)
to accelerate particles and induce nuclear reactions, including micro- and nano- processing of materials
(industrial, medical, biological applications, etc.), control and induction of processes, telecommunications,
etc.

Thus, the knowledge of the ultrafast pulses and their characteristics (time duration and structure) has
become essential in all the experiments and applications involving those light bursts. Accordingly, during
the last decades, the development of a broad range of systems for the reconstruction of ultrafast pulses
has evolved in parallel to the generation and applications of these pulses. In the present lecture we will
firstly introduce the fundamentals of ultrashort pulse characterisation and, secondly, we will review some
of the main pulse characterisation techniques, highlighting their concepts, capabilities and their range of
application in experiments.

The present document shows a schematic overview of the two sessions, not intending to be a
comprehensive review of the lecture content but an index of some of the main ideas.
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6.2 Ultrafast pulses

Ultrafast pulses can be represented on both, time and spectral domain [7-9]. Eq. (1) represents a pulse
in the time domain:

E(t) = 1) expli( oyt — (1)) 1)

where I(t) is the time evolution of the intensity, ax is the carrier frequency and @(t) the time phase. Thus,
the pulse evolution is defined not only by I(t), but also by the time phase. In fact, the instantaneous
frequency of the pulse depending on time can be defined as

dat —olt)] dolt)
dt -

dt 2

Opey (f ) =
Therefore, if a pulse presents a time phase constant on time, the instantaneous frequency stays constant
along the pulse duration.

On the other hand, the pulses can be described in the spectral domain:

E(®)=+/S(e) exp[—i¢(w)] (3)

where S{o) is the spectral intensity and @( ) the spectral phase.

Both representations (Eq. (1) and (2)) are linked by the Fourier Transform and its inverse

E(@)= j E()e™dt 4)
17 i
E()=5- [E@)e“do (s)

Thus, for a complete description of the pulse it is needed the amplitude and the phase in one domain. By
means of the Fourier Transform or its inverse, the description in the other can be obtained
straightforward.

In the spectral domain, the spectral phase can be written as a Taylor expansion around the central
wavelength ao:

O e e O L

where Tg( o) stands for the first derivative of the spectral phase, the Group Delay Dispersion (GDD) is the
second derivative and the Third Order Dispersion (TOD) is the third derivative. The quadratic component
(GDD) and superior (TOD, fourth order dispersion FOD, etc.) are the responsible of the pulse distortion
from the Fourier limit. For example, the GDD affects to the time pulse mainly as a time broadening, while
the TOD creates post- or pre-pulses (it depends on the TOD sign) around the main one. Due to the material
dispersion, the laser pulses propagating through it acquires spectral phase, distorting the time pulse form.
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6.3 Autocorrelation

Due to the limitations on time response of the electronic devices, the best alternative to perform pulse
measurements on a femtosecond range is to use optical techniques, where the light pulses are compared
to a reference one, typically itself. One of the first approaches to fs pulse measurements was the
autocorrelation [10]. Generally, in a first stage, two replica of the test pulses are obtained by means of
an interferometer set-up, where time delay among both can be controlled by introducing or extracting
optical path at one interferometer arm. Secondly, both pulses are specially overlapped into a nonlinear
medium so, only if also there is some time overlapping among the replica, a nonlinear signal appears.
Therefore, the nonlinear signal shows the time delays where both pulses “feel” each other.
Mathematically, this can be written as the autocorrelation of the pulse. Finally, the nonlinear signal is
detected (e.g., by a photodiode).

Depending on the optical set-up and the nonlinear type of interaction (e.g., second harmonic generation
—SHG-, third harmonic generation —-THG-, etc.), several types of autocorrelators can be found, e.g.,:

* Intensity autocorrelator (SHG). Typically, but not exclusively, the two replica cross into the
nonlinear medium following non-collinear paths. Because of the momentum conservation, the
nonlinear signal (SHG) appears at the angle bisector. In this geometry, the nonlinear signal
depending on the arm delay time presents the form of the autocorrelation of the pulse intensity.

¢ Interferometric autocorrelator (SHG). Both replica follow a collinear path, so the nonlinear signal
shows an interference pattern.

*  THG autocorrelator. The nonlinear medium generates a third order signal or, alternatively, a first
nonlinear medium is used for generating second harmonic, which is overlapped with
fundamental radiation within a second nonlinear medium where a sum of frequency happens,
appearing the third harmonic. This kind of autocorrelators presents less ambiguities and typically
are used to study the ns and ps range pedestal of the pulse, an important issue for high intensity
experiments.

In general, the autocorrelation techniques give limited information concerning the time pulses:

* Since different pulse forms present the same autocorrelation, no exact information concerning
the pulse structure can be extracted. In the same sense, no accurate information concerning the
phase (spectral or time) can be obtained, but an estimation.

® They give a rough idea of the pulse duration. Since the autocorrelation width depends on the
pulse actual form, and that remains unknown, the exact value of the pulse duration depends on
the pulse form guess. Therefore, the technique provides an estimation of the pulse duration.

* Some aspect of the pulse structure, as the presence of satellite pulses or pedestal can be
glimpsed in an autocorrelation figure.
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6.4 FROG

The Frequency-resolved Optical Gating (FROG) technique [8,11] can be considered as an evolution of the
autocorrelators. In general, it conserves the geometry of an autocorrelator but replacing the nonlinear
signal intensity detector (e.g., a photodiode) by a spectrometer. Therefore, the autocorrelation signal is
wavelength resolved. This additional information has been proven to be sufficient to give more
information concerning the pulse and its phase. In fact, optical gating is performed over the test pulse,
since the spectrum of a part of the pulse, selected by the optical gate, can be observed. Therefore,
information concerning the spectral phase can be obtained. However, in order to extract it from the raw
data, iterative procedure is needed [8,11-13].

Figure 1. A FROG set-up implementation [14] for characterisation of pulses delivered by an erbium doped
fibre laser in mode locking regime, emitting in the 1550 nm — 1650 nm spectral region. The light goes out
the optical fibre by a GRIN lens (GL), which collimates the beam. A beam splitter (BS) divides the beam
into two arms. In one of them, a motorised delay line (DL) introduces the delay among the two
interferometer arm. By means of a convergent lens (L1), they overlap no collinearly inside a SHG crystal
(SHG). The nonlinear signal generated by both replicas is focused by a second lens (L2) onto an optical
fibre (OF) and analysed by a spectrometer (not in the figure).

Some FROG technique characteristics and capabilities are:

e Spectral amplitude and phase can be obtained, obtained an almost complete pulse
reconstruction.

e Few cycle pulses can be characterised.

* Some ambiguities in the phase reconstruction appear:

o The zero order component of the dispersion, also known as the Carrier-Envelope Phase
(CEP), which shows the relation between the carrier oscillations and the pulse envelope,
remains unknown. This issue is common to most of the reconstruction techniques.

o Inthe systems based on the SHG nonlinear process there is an ambiguity concerning the
sign of the spectral phase what means, in the time domain, to ignore the time arrow
direction. However, additional FROG measurements can be used to solve this ambiguity.
Some THG based FROGs do not present such ambiguity.

* Because of the need of an iterative algorithm to reconstruct the pulses, the pulse measurement
requires some computation time apart from the raw data acquisition. However, fast algorithms
have been developed in order to give very quick reconstructions [13].
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6.5 SPIDER

The Spectral Phase Interferometry for Direct Electric-field Reconstruction (SPIDER) [15] is a reconstruction
technique based on the Fourier Transform Spectral Interferometry. The later uses a known pulse
(reference) at a certain time delay of the pulse to measure (test). The resulting spectrum exhibits an
interferential pattern, as it can be theoretically understood from the resulting spectral intensity of the
superposition of the two delayed fields:

$(@) = |E@) + Ex, /(@) e”""r = 7)
[E@) +[Ex, (@) |2 +2E(0) Eg. (0) | cos[i(4, (@)~ 43 (@) +i70)]

where E(@) is the test pulse field with spectral phase §.(®), Ered @) is the reference pulse field with spectral
phase $."*(®) and 1 is the delay among both pulses. Just by a Fourier Transform based algorithm, e.g. the
commented in [16], it is possible to extract the test pulse spectral phase. This is a well-known technique,
used at different research fields and applications in order to study a certain physical system by comparing
a reference pulse with the changes induces into the spectral phase of a probe pulse passing through the
system under study. However, in order to characterise a certain pulse, a reference is needed. Please note
that if the reference pulse is taken to be the test pulse itself, in Eq. 7 the information concerning the
spectral phase disappears from the cosine argument.

In order to overcome this limitation, the SPIDER technique interferes a certain test pulse with a replica of
itself delayed 1 on time and showing a spectral shearing of 3. Thus, the new interference expression
becomes

5

S(@) = lE(w) + E(@+ 60) e

. (8)
=|E@)[ + ]E (@+6w) | + 2|E(w) E (0+00) | cosli(@, (@)~ ¢, (0 +60) +i10)|

Now, the information about the pulse spectral phase remains in the cosine argument. By applying the
above commented reconstruction algorithm, it is possible to extract the spectral phase. Then, by

combining it to the spectral amplitude, it is possible to obtain the time domain pulse description via
Fourier Transform.

SPIDER presents the following characteristics:

e It allows to recover the phase without iterative retrievals so, in principle, is faster than FROG

*  The set-ups are typically quite complex because of the need of introducing both, T and de.

e The technique is well suited for reconstructing pulses no very far from the Fourier limit
conditions. Few cycle pulses can be characterised.

* No ambiguity concerning the sign of the spectral phase nor the time sense but, on the other
hand, the CEP cannot be extracted.

.-o..-.--'f--.-cgg..

Figure 2. A SPIDER set-up implementation [17] for characterisation of pulses delivered by an Ti:Sa laser in
mode locking regime, emitting in the 800 nm spectral region. The pulses are divided into two arms by
means of a beam splitter (BS1). A first one passes through a first interferometer, creating two pulse
replicas with a time delay controlled by a delay line (DL1). The second arm stretches the pulse by means
of a grism set-up (Chirp). Both arms are recombined in a parallel geometry by a beam splitter (BS2). The
delay among the arms is controlled by a second delay line (DL2). The two beams are focused no
collinearly by a lens (L1) onto a SHG crystal (SHG). The cross nonlinear signal is coupled into an optical
fibre (OF) by a lens (L2) and spectrally analysed by means of a spectrometer (Sp).
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6.6 Last remarks

The lecture sessions are aimed to present the fundamentals of ultrafast pulses
and some of the techniques used to their characterisations. Nowadays, the
catalogue of techniques has become very broad, including other strategies
[1,18-20]. In addition, since there is an increasing use of pulsed beams with
growing complexity, new techniques have been introduced in order to
characterize not only the time evolution of the pulsed beams, but also their time
evolving polarization [21] or spatio-temporal distributions [22], for example.
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7. High harmonic generation as a diagnostic for laser contrast using
simulations and experiments

Overview:

Laser contrast is a key parameter for any high-power laser system as it defines the actual plasma
conditions during the main interaction. Extreme ultraviolet radiation produced via high harmonic
generation during such interactions are a good benchmark for the preplasma conditions and, hence,
the contrast of the driving laser pulse. Signatures are present in the overall efficiency of the various
mechanisms and in the fine structure of the spectrum. These give access to details about the plasma

in the regime of steep density gradients below A.
1. Laser contrast

A critical parameter for any high-power laser system, particularly for intense laser-solid interactions,
is the contrast of the laser pulse. This is simply the ratio between the peak pulse intensity and the
intensity of any light that travels ahead of the main pulse. This can be short prepulses, amplified
spontaneous emission or a “shoulder” on the rising edge of the pulse. Figure 1 shows an example

contrast trace recorded on a third order autocorrelator.

10°1 |
1071 T Rising edge
10—zi 165 (”cohere,nt

3 ] = _ contrast”)
10 prepulse

THG cross-correlation / a.u.

v v r r T v

1()'13 —r—t —T T | ST 1
40 -3 30 26 -20 -5 -0 -5 0 5 10

delay time / ps

Figure 1 Third order autocorrelator trace of the laser intensity up to 40ps before the main pulse. The biack line shows the
intrinsic laser contrast and the green line is the contrast after a plasma mirror setup (see section 1.1) The dip at ~ — 38ps is
an artefact. Figure taken from [1]
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into plasma and expands into the vacuum region in front of the surface. This can dramatically alter
the nature of the main pulse’s interaction. It can be the difference between an interaction with a
steep, very dense target to a long, density gradient in front of the surface with a significant amount of
underdense plasma. The main parameter used to characterise this “pre-plasma” is the scale length,
which is defined as the pointin the gradient where the density falls to e ~* of the peak electron density.
For the relatively steep gradients this lecture is concerned with, this is on the order of a laser

wavelength (1) and below.

1.1 Control of laser contrast

I
|I|III|IIIIMMIIWIIIIIIIII

Plasma
Mirror

Figure 2 Schematic showing the plasma mirror concept for improving laser contrast. The leading edge of the pulse passes
through the anti-reflection coating of the substrate before the main puise ionises the surface, turning it overdense and hence
reflective. The refiected pulse is then “cleaned” of the poor contrast leading edge.

Here we will focus on one main technigue for improving the overall contrast of the laser and another
technique for introducing a controlled prepulse but note that there are other methods beyond the

scope of this lecture.

In figure 2, the use of a plasma mirror as an ultrafast optical switch to improve laser contrast is
illustrated. Antireflection (AR) coatings on a glass substrate transmit the lower intensity prepulse/ASE
radiation that arrives ahead of the main pulse before the high intensity of the main pulse ionises the
surface and forms an overdense plasma. This turns the surface highly reflective (typical reflectivities
of 70% to 80%) on an ultrafast timescale allowing only the main pulse to be reflected and carry on to

the required interaction region [2,3].

The total improvement in contrast depends on the ratio between the reflectivity of the AR coating

(typically <1%) to the plasma reflectivity leading to a single plasma mirror providing anywhere
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between 2 and 4 orders of magnitude improvement depending on the AR coating specifications and

the optical layout.

For many applications, including high harmonic generation, a perfectly step-like plasma density profile
is not always ideal so, once we have a high contrast laser pulse, we need a method to introduce a
preplasma in a controlled manner. One effective technique is to use a controlled prepulse as
illustrated in figure 3. A mirror reflects a small region of the laser beam earlier than the rest. This will
then be focused by the same optic as the full beam but to a larger, lower intensity spot (due to
diffraction-limits) which arrives at the target early triggering an expanding plasma. The timing, and

has the time the plasma has to expand, is controlled by the position of the prepulse mirror.

O M2
— N\
M

Figure 3 Introducing a controlled prepuise with a small mirror. The laser pulse incident from the left reflects off mirror M2 on
its way to the interaction region. A small region of the beam {shown in bottom left cross-sectional view) is, instead, refiected
off @ smaller mirror M1 placed in front of M2 a distance & away. The path of the portion of the beam that reflects off M1 will
be ahead of the rest of the beam and hence will act as a prepulse whose timing is controlled by varying . Figure taken from

]
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2. Attosecond pulse trains

2.1 Time-frequency relationship

The spectral structure of any light pulse is related to the temporal structure of the electromagnetic
fields that form the pulse by the Fourier transform. A useful analogy is the relationship between a slit
function and the far-field Fraunhofer diffraction pattern that results from diffraction at a slit which
can be found by Fourier transforming the slit function. In this case, a top hat slit function results in a
sinc? function for the angular distribution of the diffracted radiation where the diffraction pattern
becomes wider as the slit gets smaller. Likewise, for the spectral domain, a wider frequency

bandwidth (Av) can lead to a shorter pulse (At) in the temporal domain according to
AvAt = a (1)

Where a is a constant on the order of unity that depends on the shape of the spectral amplitude

function. For a Gaussian function we have a % 0.44.

This, however, is not the full story. It is not sufficient to have enough bandwidth to support a short
pulse, we must also consider the relative phase between different spectral components. A flat phase
indicates that all the peaks of each wavelength line up at some point and add together to give a short
pulse. In this case, the pulse duration is given by equation (1) and we say the pulse is transform

limited.

2.2 Pulse trains and high order harmonics

The output of a laser is not quite as simple as the single pulse discussed so far. We will have a train of
pulses separated by the round-trip time of the cavity. In the Fourier domain this will be seen as a
frequency comb with a constant frequency spacing. This is analogous to how a diffraction grating
relates to a single slit. The diffraction grating pattern will consist of individual diffraction orders with
an envelope function determined by the width of each groove. Likewise, a frequency comb in the

time domain will (assuming flat phase) be a regularly spaced pulse train as shown in figure 1.
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Figure 4 — An equal spacing frequency comb ond it’s corresponding temporal structure, assuming a flat spectral phase. The
width of individual modes and pulses are related to the overall width of the temporal and spectral envelope functions (dashed
lines) respectively. The spacing of the frequency comb is also directly related to the spacing of the pulse train.

1

The spacing of the pulse train will just be the reciprocal of the frequency spacing: Typain = =
comb

The width of the envelope function of the frequency comb will be related to the width of each
individual pulse according to equation (1) : AvAt = a and vice versa for the envelope of the pulse

train: AvppgeMergin = @

Harmonics are nothing more than a frequency comb when the spacing of the pulse train is the length
of an optical cycle (T = A/c). Thus, when we observe harmonics, we know this is the signature of
interference of individual attosecond pulses in the same way as a diffraction grating pattern results
from interference from individual grooves. This will become important for laser driven XUV sources
as the period of the driving laser pattern will result in a series of equally spaced pulses resulting in
harmonics that can extend into the XUV regime with an overall broad bandwidth sufficient to support
attosecond scale pulses. Any interruption to this equal spacing will modify this harmonic structure,
resulting in either a spectral broadening or “splitting” of the individual harmonics due to imperfect

interference between successive pulses in the train.
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Section 3: High harmonic generation from plasma surfaces

3.1 Intense laser-surface interactions

During very high intensity (> 10*®Wcm™2) interactions with an initially solid surface we reach a
regime where we can effectively assume full ionisation of the target. In this regime, a lot of interesting
physics takes place during interactions with initially solid targets which become overdense after
ionisation (free electron density greater than the critical density which means the plasma reflects the

incident laser).

During these intense interactions, we can also get coherent attosecond XUV radiation emitted in the
reflected direction. There are a variety of possible mechanisms [5] but two key contributors are

coherent wake emission and the relativistically oscillating mirror.

3.2 Coherent wake emission (CWE)

When the main part of the laser pulse arrives at the target, it will already be ionised due to intense
light arriving before the main pulse due the amplified spontaneous emission or prepulses arising in
the laser chain. These need only be tiny fractions of the main pulse intensity in order to generate a
plasma on the surface of the target. This will then expand to give an exponential density ramp which

the main pulse interacts with.

It is the electrons in this plasma ramp that are the key to the CWE mechanism, which can be efficient
for intensities starting at 10*°Wcm—2 and for a laser field incident obliguely so that there will be an
electric field component normal to the plasma surface. At these intensities, the electrons that are
pulled out by the laser field have trajectories that extend significantly into the vacuum region in front

of the target. This can be called vacuum heating or the Brunel regime [6].

In an interesting analogy with gas harmonics (although due to a different mechanism) the electrons
gain energy in the laser field and return to the plasma density ramp. Here, trajectories of the electrons
overlap in space and time inside the ramp and lead to a sharp density spike which is able to strongly

perturb the local plasma medium leading to plasma oscillations [7].

These plasma oscillations are then able to couple into electromagnetic modes propagating in the
reflected direction. As this process repeats each laser cycle {once per cycle) this radiation is observed
as harmonics of the laser frequency. Since the frequency of these plasmas oscillations depends on
the electron density via the plasma frequency, different electromagnetic frequencies originate from

different parts of the density ramp, resulting in an inherent chirp of the XUV pulse. A critical feature
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plasma frequency present in the target which will be given by

Wy = jl:l_—c"lw,‘ (6)

Where w; is the laser frequency and ny, is the peak electron density. Typical peak densities are about
400n, for a bulk glass target with 800nm laser radiation which corresponds to a maximum CWE

harmonic of & 20%.
3.2.1 Effect of laser contrast on CWE

Unsurprisingly, as a mechanism that relies on plasma oscillations in the density gradient, CWE is
dependent on the scale length of the plasma and, hence, on the contrast of the laser. For efficient
harmonic generation, CWE requires very clean pulses and scale lengths generally less than 4 /10.

Furthermore, the spectral structure of the harmonics is strongly influenced by the scale length.

The origin of this effect is the dependence of the return time of the Brunel bunches on both the
instantaneous intensity of the laser and the depth into the density gradient the bunches must travel
to trigger the plasma oscillation for a particular harmonic (which is clearly directly dependent on the
scale length). The intensity dependence means that, for a typical Gaussian laser intensity temporal
profile, the spacing of the individual attosecond pulses will vary during the interaction resulting in
imperfect spectral interference (which, as discussed in section 2, is the origin of harmonics) which
results in a broadening of the individual harmonics in the spectrum. Fitting the observed width to a
simple model allows the scale length to be recovered which has allowed the indirect measurement of
scale length on the order of 1/100 and below [8] which would be extremely challenging to measure

directly (scale of a few nms).
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3.3 The relativistically oscillating mirror (ROM) mechanism

(a)

X(t)

(b)
Figure 5 Drawing of (a) a laser pulse upshifted in frequency after refiection from a constant velocity mirror and (b) an

oscillating mirror periodically upshifting an incident pulse each laser cycle in @ model of the interaction with an overdense
plasma at very high intensity [9]

As the intensity of the driving laser is increased beyond 10*2Wcm 2, the peak velocity of the electrons
approaches the speed of light and relativistic effects become important. Consider the reflection of
pulse of light from a perfect reflector counterpropagating with a constant velocity as shown in figure
5. Einstein’s relativity theory tells us that the reflected pulse will experience a Doppler upshift in
frequency by a factor of 4y2 where y is the Lorentz factor of the mirror. The reflected pulse will also

be compressed in time by the same factor.

During the interaction of a laser pulse, the overdense surface can be modelled as a reflector moving
periodically with the laser and Doppler upshifting it each cycle but with a time varying velocity. This
oscillatory extension to the ideas of Einstein’s moving mirror is the ROM model. This model has been
supported by the results of both simulations [10] and experimental observations [11]. As the intensity

is increased further, this mechanism is seen to dominate the emission.

3.3.1 Effect of laser contrast on ROM

An intense laser pulse can exert a large pressure on the surface of a plasma (radiation pressure). This
causes the surface to recede with a velocity that is strongly dependent on the laser intensity. Since
the intensity varies in space (finite sized focal spot) and time, this will cause the effective point of

interaction for the driving of ROM harmonics to also vary.
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varying pressure with a maximum at the centre of the laser focal spot will cause denting of the surface
leading to an effective curvature which can focus the harmonics close to the surface and dictate the
final divergence of the beam [12,13]. A longer scale length will be more easily dented as the lower
densities are less able to respond to the pressure of the laser, hence signatures of the laser contrast

appear here as well.

The temporal variation of the pressure leads to a variation in the timing of the individual attosecond
pulses, in a similar manner to effect of varying intensity on the return time of 8runel bunches for CWE.
Similarly, in this case it can lead to a broadening of the harmonics or even lead to splitting of the
harmonics when the denting is particularly severe [14]. This surface recession also tends to lead to an

overall red shift in the harmonic frequency [13].

Finally, figure 6 shows a scan of prepulse timing from an experiment on the JETI40 Ti:Sapphire laser
system showing the transition from very strong CWE and no ROM for very short scale lengths to weak
CWE and a maximum ROM signal for a prepulse arriving about 2ps before the main pulse. This is the
typical trend for many parameter ranges with some variation depending on target density, angle of
incidence and laser intensity. Hence, the clearest property which can indicate the scale length of the
target and, hence, the laser contrast is simply the relative efficiency of each mechanism, which can be

distinguished by the CWE cut off frequency.

+0.3ps TR BRI
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Figure & Variation of experimental harmonic spectra for varying prepuise timings (shown on the left). Interaction conditions
are 22.5 degrees incidence, 30fs pulse at ¥ 2 X 10**Wem™>. The black vertical line indicates the CWE cut off frequency.
Taken from supplementary information in ref [15]
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8. 1 Basics on scattering theory

8.1.1 Introduction

In this Chapter, we will provide a brief introduction to the elementary concepts and
methodology of scattering theory. The focus lies on the introduction of the description
of the scattering process in terms of the Hamiltonian of the scattering projectile at a
finite range interaction potential of a single site target by the method of partial waves

and the first Born approximation.

8.1.2 Nomenclature

In a typical scattering experiment, a homogeneous well-collimated monoenergetic
beam of particles A is colliding with a stationary target containing particles B (the
scatterers) as depicted in Fig. 10.17. Particles A can be photons electrons or ions while
particles B are usually atoms. Collision experiments are conducted under the condition
that each of the particles A collides with only one of the target scaterrers B and this
condition will be adopted here (single collision conditions). After the collision particles
A are detected by detectors located outside the path of the incident beam.

Spectrometer/

J0Jesa|a2dy
/224Nn0S

Energy Target
Selector

Figure Geometry of a typical scattering experiment.

The collision may result in various final states of the colliders. In this concept we may
categorize the processes as
e Elastic scattering. The two particles maintain their initial quantum state, i.e.
A+ B-A+B
e Inelastic scattering. The particles A and/or B change their initial quantum state,

for example B left in an excited state B’

A+ B> A+ B
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of particle B in to two particles C and D:

A+ B->A+C+D
A channel is a possible pathway for a collision system allowed by Quantum
Mechanics. However, the various pathways to the final states of a collision depend on
the conservations laws (energy, momentum, angular momentum, etc.). A channel is
termed open for a collision if it is allowed by all the conservation laws, otherwise it is
termed closed. For example, let us assume the collision of an electron beam with
atomic hydrogen. For incidence kinetic energies T < 10.2 eV only the elastic scattering

channel is open, i.e.
e+ H(ls) > H(1s) +e

Increasing the collision energy to values of 10.2 < T < 13.6 eV the excitation channels

to excited hydrogen states are open, i.e.

e+ H(ls) » [H(nD]* +e
e+ H(1s) » [HnD] +e

Finally, for collision energies T > 13.6 eV the ionization channel opens i.e.
e+ H(ls) > Ht+e+e
The most important measured parameter in collision experiments is the cross section.
It provides all the necessary information for the experimental feasibility of a certain
channel and it is the outcome of the corresponding theoretical calculation. Theoretical
results and measurements are compared on the grounds of cross sections. Under the
above experimental conditions, and for the case of elastic scattering, we assume a flux
of N incident particles! on a target of length L having n scatterers per unit volume.
Then the elastically scattered flux is dN' to a unit solid angle df2 around the scattering
angle 6 will be
dN' = NnLo(6, p)dQ2
The proportionality quantity (8, ¢) is called differential cross section and is denoted

as

d
0(6,9) = 2= (6,)

By integrating the differential cross section in all angles, results in the total cross

section o or simply cross section. Cross section has units of area and for Atomic

! Number of incident particles crossing perpendicular a unit area per unit time.
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Physics it is measured in cm?. Typical cross section values for ion-atom collision lie in

the region of 1071 — 10721 cm?.

In the more general case of inelastic collision where reaction channels are open a more
general definition for the cross section can be imposed. Thus, the cross section for a
certain channel is defined as the ratio of the number of events corresponding to the
channel per unit time and per unit scatterer, to the flux of the incident particles with
respect to the target. Connecting this experimental approach of definition to its
theoretical equivalent we may also state that the cross section for a certain channel is
defined as the transition probability per unit time, per unit scatterer and per unit flux of
the incident particles with respect to the target.

It is also of interest to mention that since differential cross section depends on the
scattering angles, its value will depend on the coordinate system, i.e. laboratory of
centre of mass. Theoretical results, usually carried out in center of mass system, have
to be transformed to the laboratory system for comparison to the experimental results

and vice versa.

8.1.3 Potential scattering
In this chapter we shall examine the simplest collision problem, that of a non-relativistic
scattering of a spinless particle by a potential V(r). For a real and independent of time

potential V(r) the Schrédinger equation is written as

2m

hZ
[__vz N m)] W) = Ep(r)

The well defined energy E of the particle is

pZ 3 h2k2

=2m_ 2m

where k is the wave vector of the particle. Then, after introducing the reduced potential
2Zm
U(T) = ﬁ V(T)
The first can be written in the form of
VZ+Ek2—-UM®MyY@E) =0

In the general and realistic case where the potential V(r) vanishes faster than 1/r, and

is reduced to a free-particle Schrédinger equation, i.e.

[V2 + k2] () = 0
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In this case, i.e. for large distances away from the scattering center, the wavefunction

of the scattered particle ¥, (r) can be written as the sum of an incident wave ¥;,.(r)
and a scattered wave .. (r) as

Vi) ~Pinc (1) + (1)
Then, the incident beam can be represented by a plane wave since the beam is

monoenergetic and propagating towards the direction k, along the z axis, therefore
lpinc(r)'v eikr~eikz

It should be cleared out here that even though a plane wave has infinite wavefront it is
appropriate for describing a well collimated particle beam. The reason is that the
beam's extent, typically a few mm, is orders of magnitude larger than the atomic
dimensions where the scattering process takes place and thus can be considered as
having a comparatively infinite extent.

The scattered wavefunction at large distances away from the scattering center
should represent an outward flaw of particles originating from the scattering center.
This can be described by an outgoing spherical wave the amplitude of which is reduced

according to the spherical geometry, thus

ikr

lpsc (T) "’f(k' 0, (P)

where (8, @) are the polar angles with respect to the z axis and f(k, 8, ) the very

r

important quantity termed scattering amplitude. Therefore, the total wavefunction of
the collision process for large distances away from the scattering center can be written

as

ikr

Ya(r) = A |e™ 4+ £(k,6,0) —

where A is a normalization constant and the asymptotic solution for the free-particle
Schrédinger equation or in other words the asymptotic boundary condition.
It can be proven that the scattering amplitude f(k,6,¢) is related to the

differential cross section by the formula

d—a(9,<p) = |f (k. 0, 9)I?

dn
and this is the reason why it is the most important parameter in the study of a scattering
process. Its determination is not straightforward, especially in cases of inelastic

scattering and reactions. Next, we shall present two popular approaches for the

determination of the scattering amplitude in potential scattering.
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8.1.4;r The partial waves expansion

We shall consider the case of a central potential, i.e. a potential V (r) that depends only
on the magnitude of the vector r. In centrally symmetric potentials the scattering
wavefunction, ¥(r) = y(r, 0, ), as well as the scattering amplitude f(k, 8, ¢) must be
symmetrical about the axis of incidence (z axis), and hence independent of the
azimuthal angle, ¢. The method of partial wave expansion is inspired by the
observation that a plane wave e™*" can actually be written as a sum over spherical

waves

elkr = gtkrcos6 — % (21 4+ 1)ilj;(kr)P,(cos 0)
1=0
where the radial functions j;(kr) are the spherical Bessel functions and the angular

function P;(cos 0) are the Legendre polynomials connected to the spherical harmonics
Yim(0) as P;(cos @) = /4n/(2l + 1) Y;x(6). Each term in the series is known as a
partial wave. Following standard spectroscopic notation, [ =0, 1, 2, ...they are referred

toass, p, d, ... waves.
2
For centrally symmetric potentials the Hamiltonian operator H = —;—mvz +

V(r), commutes with the angular momentum operators L? and L, and thus the
Schrédinger equation is separable in spherical coordinates. Therefore, the

wavefunction can be expanded in a similar way to the plane waves as

() = Yk, 7,6) = 2(21 + 1)i'R,(k, )P, (cos 6)
=0

The radial wavefunctions R;(k,r) are determined by the solution of the radial

Schrddinger equation

> 2d l(l+1 2

Since in the radial wavefunction has to fulfill the asymptotic boundary condition its

asymptotic solution will result from the solution of the radial Schrédinger equation

2 2d I(+1)

dr?  rdr 2

+ kZ] Rl(k, T') =0

whose solutions are the spherical Bessel functions, similar to the plane wave
expansion. The main difference to the plane wave is that the outgoing spherical wave
will suffer a phase shift §;(k) that depends on the scattering potential and is recorded
in the radial wavefunction. After some lengthy algebra, it can proven that the scattered

wave function outside the interaction region, i.e. at large distances, is written as
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ikr

r

Psc(r) = [ﬁ;@l + D{exp[2i6; (k)] — 1}P;(cos 9)]

Thus, the scattering amplitude is straightforwardly obtained as

1 (o]
£(6) = ﬁ;(m + 1){exp[2i8,(k)] — 1}P,(cos 6)

and the total cross section is estimated as

do 41T - )
o= [ G2 @pan=[Irk 6000 - ﬁ;(zz + Dsin?s,

The partial wave expansion method is an accurate method in the sense that if all the
partial waves are taken into consideration then the result will be accurate. However, a
realistic inclusion of many partial waves is a cumbersome task. Thus, the method is
preferably useful in problems involving a few partial waves, a condition that

corresponds to low energy collisions.

8.1.5 The Born approximation

We rewrite the Schroédinger equation as

(V2 + k2 (1) = UM (1)

in order to explicitly include the wavefunction dependence on the wave vector k. The
general solution can be written in an integral form known as the Lippmann-Schwinger

equation
Pe) = B(1) + f Go ke, 7, 7YU () i (1) dlr”

where @, (r) is the solution for the homogeneous equation
(V2 +k®)op(r) =0
that is the known plane wave e, and G,(k,r,1") is the Green’s function satisfying
the equation
(V2 + kH)Gy(k,r, 1) =6(r—1")

Requiring that the wavefunction y,(r) describes outgoing scattering waves, the
Green’s function can be obtained as

1 eik|r—r'|

Gollr™) = ==
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which indeed describes outgoing waves generated at the point ' and approximating

spherical waves of the form of Eq. 10.65 for large |r|, i.e. for |r| > |r'|, as depicted in

Fig.

Detector

Scattering Volume

Figure Scattering geometry corresponding to the outgoing waves described by the
Green’s function.

Then the final form of the integral equation is written as

e ik|r-r'|

Pu(r) = et ——

e UGN COT

iklr—r'| elkr L
e kT

which in the asymptotic form of |r| — oo (after approximating —n -

where k' = k7) is reduced to

ikr

, e
— pikr _
Yp(r) =e yP—

j e—ik’r’U(rl) lpk( r’)dr’
Thus, we obtain the scattering amplitude as
1 1,100
£C0.0) = =4 | ¥ UG Pe(rar

However, the solution is still not reached since the wavefunction ¥, ( r) is unknown.
Its solution can be obtained in a series of iterations. Indeed, starting from an incident
plane wave as the zeroth order approximation then the next iterations are structured

as follows

IEO)(r) = plkr
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ikr

. le N o
wlgl)(r) :elkr_E . J.e—Lkr U(r)l’b,EO)(r)dT
. 1 etkr

2 _ ik
U (T)—e”—g "

f e—ik'r' U(T’) l/),((l)( r’)dr’

ikr

. 1
Y = et —

yp— Je‘“"rlU(r’) lp,En_l)(r’)dr’

This approach is actually a perturbation expansion in powers of the interaction potential

U(r) known as the Born expansion or Born series. The first order term z/),(‘l)(r) is the

first Born approximation or simply Born approximation, resulting for the scattering

amplitude in

1 : ! !
FO0,9) = fin =~ [ e EH UG ar

It is interesting to note that the quantity k — k' = Q is the momentum transfer as
depicted in Fig. and that the scattering amplitude is the Fourier transform of the
potential.

The physical meaning behind the Born series is that each term corresponds to a
scattering process inside the scattering volume. The zeroth order corresponds to no
scattering, the first order to a single scattering process, and the second order to a
double scattering process and so on and so forth. Usually higher orders that the first
require arithmetical approaches and even though the convergence is not guaranteed
depending on the potential and the collision energy. Thus, only the first Born
approximation is taken into account which gives good results for high collision energies

and weak potentials as expected.

8.1.6 Electron-atom collisions

In this last subsection, we will describe the approach on a realistic problem that of an
electron beam colliding with an atom. We shall examine the elastic scattering from a
hydrogen atom for simplicity. Let us call electron 1 the electron of the beam and
electron 2 the electron of the atom in its ground state. Then the asymptotic

wavefunction for |r;| > |r,| of the system is written as

Yu(ry, T2)~F1i( T1)P100(72)

where + corresponds to the singlet (+) and triplet (-) spin states of the two electron

system. The function Fli( r,) is the known scattering wavefunction of Eq. 10.66

ikqTq

Fif(ry) = 3% + £y, 0,0) —
1
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Due to the symmetry of the wavefunction it can also be written as (interchanging r,

and r, should not affect the wavefunction)

Yo (ry, r2)~Fli( r2)¥100(71)
Therefore a correctly antisymmetrized wavefunction for the problem of the electron

elastic scattering from the ground state of the atomic hydrogen can be written as

Yy(ry,ry) = [F1i(r1)¢100(7”2) + F1i(r2)¢100(7"1)]

This is known as the static exchange method. In case where the collision energy is
high enough to excite or even ionize the hydrogen atom then all the open channels
should be included in an appropriately antisymmetrized wavefunction which would be

then written as

N
P (1) = D [EECrwg(r2) + B (r)g ()]
q=1

where N is the number of states allowed by the collision conditions. This is also known
as the close coupling approximation. It is instructive to realize that these wavefunction
are actually approximations of the "real" wavefunction and not the only solutions to the

problem.

8.2 Electron-ion collisions and related processes

8.2.1 Introduction

Collisions of electrons with ions and atoms are of fundamental nature. The details of
the involved processes enhance our understanding on the behavior of nature on the
quantum level. Experimental data provide the most stringent tests on atomic collision
and structure theoretical models, thus providing detailed knowledge about the
structure and the dynamics of atomic systems. Besides their intrinsic relevance,
electron collisions are also most important in plasma physics and applications. They
determine the charge-state balance of atoms in the plasma and the emitted spectrum
of electromagnetic radiation. Understanding and diagnosing the state of a plasma,
whether of astrophysical origin or man-made, relies on information about cross
sections and rate coefficients for electron—atom and electron—ion interactions. Elastic
collisions of ions with cold electrons are used to cool ion beams in storage rings.
Inelastic electron interactions with atomic ions are the dominant processes in high
temperature plasmas such as stellar coronae. Recombination and scattering of

electrons from ions are also important in low temperature plasmas, for example in
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photo-ioniz:ed gases. Thus, depending on the environment, the different electron
collision processes have varying importance and the charge state distributions of
atoms in the environment under consideration can span a very wide range between
almost neutral and almost fully stripped. A classic application of electron—ion collision
data is plasma diagnostics. From the analysis of spectroscopic observations, Doppler
shifts, line broadening and line intensity ratios, it is possible to infer plasma parameters
such as plasma rotation velocity, ion temperature, electron temperature, and electron

density.

8.2.2 The processes
Collision processes of electrons with charged atomic ions, noted hereafter A%*, can be
inferred largely from the final ionic state after the electron—ion interaction and followed

by the possible relaxations.

Elastic Scattering

An electron scattered from a target ion may change its initial direction while the target
ion remains in its original state. It is called direct elastic scattering and is the most
common case found in textbooks, i.e. the Coulomb scattering or Rutherford scattering
which can be described even by classical mechanics in case of structureless ions. The

process of direct elastic scattering can be described as
e+ A1t - A9t t e

In addition, there is a different two-step pathway by which the final state can be
reached and consequently called indirect elastic scattering. Here the first step is called
dielectronic capture (DC) where the incident electron is captured by the ion while
simultaneously an electron of the ion is promoted to higher energy levels. It is a
process mediated by Coulombic electron-electron interaction and for this reason it can
be treated as the time-reversed Auger process, or, more generally, as time-reversed
autoionization. Due to the resonant character of the process, DC can only occur if the
kinetic energy of the incident electron matches the difference of total binding energies

of all electrons in the initial and final states of the ion. The second step is relaxation of
the doubly excited intermediate state [A(q‘1)+]** by emission of an electron, following

an Auger transition as pictorially shown in Fig. The whole process is then termed

resonant elastic scattering (RES) and can be described as

e+ ATt - [A@ D] S g0+ pe
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RES cannot be distinguished from the direct process. As a consequence, interference

between the amplitudes of the two routes of elastic scattering can occur.

IDielecTrc-nil: Capture I I Auger Decay ]
[ ] = Q [ ] [ ]
O
- £
- L} L ] L ]
Aot Alla-1p+]** Aot Aot

Figure Schematic energy diagram depicting the steps of resonant elastic scattering.

Recombination

When the doubly excited intermediate state [4@~1*]"" in a DC process relaxes by the
emission of photons, the whole process is termed dielectronic recombination (DR). It
is a resonant process since it involves DC in the first step. It is schematically depicted

in Fig. and can be described as

e+ AT - [A@ D] 5 4@V L pf, 4 hf, + -

[Dlelecrrunlc Capture | I Radiative Decay |
»>— o
* .
hiy
-
* l

AT* Alla-1)+]** Ala-1)+ Ala-1)+

Figure Schematic energy diagram depicting the steps of dielectronic recombination.

Another recombination path that does not involve a resonant first step is the direct or
radiative recombination (RR). In this case the incident electron is captured in a bound

ionic state while the excess of energy is carried away by a photon, i.e.
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e+ ATt - AW@-D* 4 pf

Excitation

The excitation process is an inelastic process where the incident electron is scattered
from an ion losing some of its initial kinetic energy, while the ion is left an excited state.
The energy lost by the electron is the difference in energy of the initial and final bound
states of the ion. This so called process of electron-impact excitation can be described
by

e+ ATt > [AT]" +e

Similar to the elastic scattering case, the final state can be reached not only directly as
described above but resonantly as well. In this case, the first step is a DC process
while the second is autoionization to an excited ionic state, as shown in Fig., and

described as
e+ AT - [A@DH]T 5 [49H] e
Again, the result of the resonant excitation cannot always be distinguished from that of

the direct process. As a consequence, interference between the amplitudes of the two

routes may occur.

Dizlectranic Capture ] | Auger Decay I

Hr—

l

— —— 00—

- ——

. 2 O%

Adt Alla-1p+]** Alat]* Alat*
Figure Schematic energy diagram depicting the steps of resonant excitation.

lonization
Electron impact on an ion with sufficiently high collision energy may result in the
removal of one electron of the ion and the process is then termed direct electron-impact

single ionization is schematically depicted in Fig. and can be described as

e+ A9t 5 A@HDY 4o
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Figure Schematic energy diagram depicting the steps of direct ionization.

In case the electron kinetic energy high enough two or several (n) electrons from the
ion can be emitted leading to a process termed direct electron-impact multiple

ionization, which accordingly can be described as
e+ ATt - AT 4 (m+ 1)e

Besides these direct knock-off processes there are indirect mechanisms. One of these
is the excitation of inner-shell electrons of the target ion A9*. As a result, the ion may
end up in an excited state with energy that exceeds the ionization threshold for the
removal of the outermost electron. Such a state would be autoionizing and the highly
excited ion can hence decay by the emission of an electron instead of a photon. The
net result of that process is ionization of the parent ion and the processes, shown in

Fig., is termed excitation-ionization (EA), described as

e+ A1t 5 [A9] +e > AW@DY et e
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Figure Schematic energy diagram depicting the steps of excitation-ionization.

As before, the first step of EA may proceed via the formation of an intermediate
resonance state involving an EA process. The resulting short lived recombined ion
state is so highly excited that two electrons can be ejected in the relaxation process.
In the end, the ion has lost one electron in the whole process, described as

e+ ATt o [A9F]" 5 AWTDY L e e

Higher order processes

Aside from the above fundamental mechanisms there are similar processes of higher
order, the probability of which is much lower compared to the above described low
order mechanisms. For the sake of completeness we will mention the tri-electronic
recombination. Here the electron has enough kinetic energy to excite two of the ions
electrons in one step process as depicted in Fig. If the triply excited state of the ion

relaxes with photon decays then the process is termed trielectronic recombination.

ITril:Iel::n:lnil:Cnpture I I Radiative Deﬂ:nv]

-
T

-
A
I,
* & L =

ATt Alla-1p]*** Ala-1)+ Ala-1)+

Figure Schematic energy diagram depicting the steps of trielectronic recombination.

Page | 131



™ h R 1 & ek Q

v| o [

Indirect scattering processes may be quite complex in the case of a multi-electron

High Paw

Cross sections

target ion and hence, the cross-section estimation can be quite cumbersome. Next, we

shall examine a few indicative and instructive cases.

Resonant processes
For processes associated to resonances associated with resonances the related cross

section can be calculated by multiplying the cross section for dielectronic capture with
the branching ratio for the particular decay path starting from the intermediate doubly

excited state. The cross section for dielectronic capture is

— 1 A, (d-i)T
oDC = 7.88- 10731 [cm?eV2s] ~ 24 _Aald2DTa
Ee2g; (Ee_Eres)Z"'Fd /4

where E, is the electron energy and E,..; = E(|d >) — E(]i >) the resonance energy
obtained from the total energies of the intermediate resonant state |d > and the initial
state |i >, respectively. The quantities g, and g; are the statistical weights of the states
|d > and |i >, respectively. A,(d — i) is the autoionization rate of |d > for a transition

to |i > and I the total width of |d >.

Thus, for the calculation of the cross section for resonant elastic scattering, the

cross section for dielectronic capture has to be multiplied by the Auger yield

A (d > i
L Aa(d = D)

O)Az
Iy

while for the calculation of cross sections for dielectronic recombination it has to be
multiplied by the fluorescence yield
A.(d—-i
o, = p 2 AE =D
Iy

of the intermediate state |d >, where the summation index f runs over all states below
the first ionization limit of the recombined A“~D* jon that can be reached from |d > by

radiative transitions. Resonances in other reaction categories are treated accordingly.

Excitation
The total cross section for direct excitation of ions can be approximated as

fiig

o =2.36-10"31[cm?eV?]
E.E;j

where f;; is the optical oscillator strength for the transition from excited state |j >to

ground state |i >, E;; the related excitation energy, E, the electron energy and g the
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effective Gaunt factor. In the vicinity of the threshold this is reasonably well
itscales as g = 0.28In (E,/E;;).

approximated by g = 0.2. At higher energies E, = 2E;;,

The cross section has an energy dependence that is characterized by a finite
maximum at the excitation threshold and a slow, smooth decrease with increasing
electron energy. Along with indirect resonant channels of excitation and neglecting the
possibilities of interference between them, the generic shape of the total cross section

is shown in Fig.

3| excitation

threshold\

Excitation cross section (arb. units )

V) s s

0 5 10 15 20

Electron-ion collision energy ( arb. units )

Figure Generic energy dependence of the total cross section for electron-impact
excitation. The resonances are assumed to show no interference with the direct
excitation channel (A. Muller, Advances in At., Mol. Opt. Phys. 55, 2008).

Single lonization
The cross section for direct excitation of ions can be approximated as

E
o, = 4.5-10"*[cm?2eV?] f—vln—e
LE, I,

where &, is the number of equivalent electrons in the vth subshell, I, the ionization
potential of that subshell, and E, the electron energy. The total cross section has to
summed over all the subshells that may contribute to the process. The energy
dependence is similar to the excitation case showing a finite maximum at the ionization
threshold and a slow decrease with increasing electron energy, much like the one

shown in Fig.

8.2.3 Experimental setups and techniques

Although plasma observations with careful diagnostics of electron temperature and
particle densities can be a source of information about plasma rate coefficients, there
are numerous other types of experiments that provide data about rate coefficients for
electron—atom or electron—ion collisions. The most popular ones are listed below.

Electron gun beams
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Oneuo; the oldest techniques to determine cross sections for electron collisions is that
of producing an electron beam passing through a target of particles that are essentially
at rest. Various type of electron guns (e-guns) were developed for these purposes
including the e-guns for CRT screens and SEM/TEM electron microscopes. A typical
CRT-type e-gun and a custom made high current e-gun are shown in Fig.

Wehnelt ) +Y  Scanning
cylinder Anode e Einzel lens ------- electrodes

=EDDDEL Y

_Electron

I
energy

i
o i )
1 23 4 56 7 8
Figure [Top] a typical CRT-type e-gun. [Bottom] Computer simulation of an electron
gun for electron—ion crossed-beams experiments. In the interaction region (electrode
4) the density of equipotential lines is low indicating at most small electric fields (A.

Mdller, Advances in At., Mol. Opt. Phys. 55, 2008).

Traps

Trapped-ion techniques for the determination of electron—ion collision cross sections
are based on the observation of spatially confined ions that are exposed to electron
impact. The state of the art in use of traps for electron—ion collision studies was initiated
by the development of the electron beam ion source (EBIS). EBIS employs a very
dense magnetically guided electron beam for trapping and for sequential ionization of
highly charged ions. A substantial extension of the technique became possible with
the development of a modified EBIS, the electron beam ion trap (EBIT) which facilitates
the observation and spectroscopy of electromagnetic radiation emitted by the trapped
ions. In both cases the electron energy is ramped over a selected range of interest
providing signatures of electron—ion collisions either in the number of extracted ions of
a given charge state or in the differential photon yield at a fixed angle relative to the

electron beam. A typical design of the EBIS is sketched in Fig.
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Figure Schematic of an electron beam ion source

Quasi-free electrons

Targets of charged particles are difficult to prepare because of space-charge
limitations. As a consequence, the investigation of interactions between free electrons
and ions often suffers from low signal rates. The most efficient scheme of this kind is
the use of electrons bound in atoms. Under certain conditions electron—ion interactions
can be studied by passing an ion beam through neutral gas. The gas atoms or
molecules provide a dense target of quasi-stationary electrons which interact with the
incident ions. At sufficiently high projectile velocities (Vp > v, with Vp the velocity of
the incident ion and v, the orbital electron velocity) the electrons bound in target atoms
can be treated as free particles (therefore the term "quasi free"). The active bound
target electrons as seen from the rest frame of the incident ion are considered to
behave like free electrons with a given momentum distribution along the collision axis
z, J(p,) = [[1p(®)|*dp,dp,, known as the Compton profile. Thus, the measured cross
section for the ion—atom collision process g;,,_4tom CaN be expressed as an average
over the related electron—ion cross section o,_;,, with the momentum distribution of
the electrons 6,on—atom = J Ge-ion J(P;) dp,. This is known as the electron scattering

model.
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Figure 9 Zero-degree electron spectrometer used for the measurement of electron
scattering cross sections by employing the quasi-free-electron approach. The ion
beam interacts with the gas target and traverses the spectrograph. The electrons
emitted from the target area in the forward direction are energy analyzed by the
hemispherical deflector analyzer (HDA) and recorded by the two-dimensional position
sensitive detector (PSD) (J. Atom. Mol. Cond. Nano Phys. 3 (2016) 125).

Colliding beams

The optimum experimental conditions for electron—ion studies are those of colliding-
beams experiments providing unambiguous information about electron—ion collisions.
The experimental setups can be in geometries of inclined or merged-beams
arrangements as schematically shown in Fig. 10.29. Each beam is individually
produced and characterized and then mutually colliding. The merged beams geometry
is particularly favorable for energy resolution measurements. In that case, the two
beams can interact over distances up to several meters where the intense electron
beam is axially guided by magnetic fields as shown in Fig. 10.29. It is important to note
that the merged beams setup shown in Fig. 10.29 is is actually an indispensable part
of storage rings used for cooling the ion beams through elastic collisions of ions with
cold electrons.

collector electron
gun y -

Electron beam

lon beam

Figure [Left] Principle of inclined beams colliding with one another at an angle. [Right]
Typical setup for merged electron-ion beams experiments.
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9.1 Introduction

Investigating extremely strong shock waves in the laboratory generated by
application of ultra-high intensity short pulse laser pulses is complicated by
three factors. The first of these is the fact that the shock waves weaken rapidly
once the laser pulse has ended, and therefore persist only fleetingly at
maximum strength. The second issue is one of spatial scale: the shock waves
form around the focus of the laser. In order to achieve such high intensities as
we have discussed earlier, the laser is typically focused to a spot of around 5
pm diameter. Finally the interaction between the laser and the dense plasma
generates a range of energetic particles including relativistic ions and electrons,
as well as electromagnetic radiation over an exceptionally broad range of
frequency space from radio to gamma-rays. This calls for a diagnostic that has
exceptionally high temporal and spatial resolution, and which can discriminate
the desired signal a bright background. The diagnostic must also be capable of
functioning in the environment of the target chamber, where electromagnetic
pulses (EMP) generated by the laser-plasma interaction can disable some
diagnostics.

In addition to the difficulties of making measurements on such shock waves,
the short pulse laser based method for shock wave generation renders the
shock waves so produced inappropriate for some applications. Material ahead
of the shock wave may be preheated by energetic particles and hard x-ray
radiation generated by the interaction. Furthermore, at early times, the shock
waves will tend to be irregular, and non-planar in character. This renders them
poor candidates for equation of state studies, and for drawing inferences about
more general strong shock physics; it may, for example, be challenging to
determine, whether preheating is driven by thermal radiation from behind the

shock front, or by radiation generated directly by the laser-plasma interaction.

Most measurements of shock waves generated by short pulse laser systems
have therefore focused upon measuring blast waves that have evolved for
many tens of picoseconds, or even nanoseconds, after the laser-plasma
interaction has occurred [1, 2]. Measurements of shock-wave dynamics at

earlier times are scarcer. Some data may be gleaned from x-ray spectroscopy
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[3], however such data are challenging to analyze, and there is a reliance upon

substantial modelling for interpretation.

It is clear that in order to better understand the hydrodynamics associated with
the short pulse laser interaction that takes place in a fast ignition target,
additional measurements, and more detailed simulations will be required.
Experimental data is particularly scarce at early times, for the reasons
mentioned. In this section we discuss a promising new diagnostic approach
which might enable substantial data on the process of shock wave formation
and propagation in the first few picoseconds of an intense short-pulse laser
plasma interaction to be extracted. This in turn will support modelling efforts, by
providing data suitable for bench-marking of simulation codes, for instance

codes like that described in the preceding section.

9.2 The Doppler spectroscopy diagnostic

A recent experiment performed at the Tata Institute for Fundamental Research
(TIFR) in Mumbai, demonstrated a novel diagnostic approach to investigating
short pulse laser generated shock waves [4]. This approach, illustrated
alongside sample data in figure 1, relies upon the Doppler shift of a short pulse
of probing laser light reflecting off the shock generated by a higher energy
‘pump” pulse at earlier times. In this case the focused intensity of the pump
laser was 5 x 10*8W/cm?, at a frequency of 800nm, with a pulse length of 30fs
and the target is 0.5mm thick optically polished aluminum. By selecting a probe
wavelength shorter than that of the laser which drives the shock, it is possible
to view the dynamics in plasma that is over-dense with respect to the pump
pulse. In this experiment we chose to use a second harmonic probe (400nm).
Using a probe of a different wavelength also enables more ready
disambiguation from the scattered light of the pump pulse. As may be seen in
figure 1, the frequency doubling results in a probe beam with a spectral width

of around 2nm.

This diagnostic has a number of interesting advantages. The probe laser pulse
can have a very short duration, and be timed precisely with respect to the pump
pulse, enabling plasma dynamics to be resolved at very early times. The probe

laser is also bright enough that self-emission from the background plasma can
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be readily over-come, yielding a clean signal. Furthermore, the probe laser can

be focused down to dimensions similar to that of the pump laser, thereby
effectively achieving spatial resolution on the scale of a few microns. Using
multiple shots on similar targets enables excellent resolution of comparatively
small Doppler shifts, in this experiment data from around 100 shots was
averaged at each time point. The major drawback is that the diagnostic can
only function when the shock wave is moving in plasma that is under-dense

with respect to the probe.
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Figure 1. Showing the layout of the Doppler Spectroscopy experiment described
in reference 11. The 5 x 10®W/cm? 800nm, 30fs pump pulse drives
hydrodynamics in the aluminium target. A 400nm probe pulse interrogates the
region illuminated by the pump pulse. The reflected probe light is then directed
onto two spectrometers which record the Doppler shift of the probe due to the
motion of the target plasma as induced by the pump pulse.

Since this diagnostic relies upon the Doppler Effect, it provides an unambiguous
measurement of shock wave velocity. The degree of frequency shifting
corresponds exactly to the velocity at which the critical surface for the probe
pulse is moving through the plasma. As shown in figure 2, the match between
measurements made using this diagnostic at TIFR and a coupled 1D PIC-
hydrodynamics simulation of the experiment is impressive. The diagnostic
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provides detailed time resolved information about the plasma dynamics that
can be readily compared with simulation output. This makes it possible to
accurately constrain computational models used in this and other

computational modelling codes.
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Figure 2. (a) experimental data and (b) hybrid simulation that uses a 1-D
electromagnetic PIC simulation for the initial evolution and a hydrodynamics
code for the later times. Calculated (c) expansion velocity and (d) acceleration
from Doppler shift. The strong negative acceleration and associated high
velocity around 4ps corresponds to the passage of the shock wave into the

target launched by the high intensity laser plasma interaction

The experimental results, taken in combination with the simulations, suggest
that the pump pulse induces rapid heating of the intermediate density plasma
blow-off that has previously been created by the laser pre-pulse. This heating
rapidly launches a pressure disturbance, which is observed shortly thereafter
propagating into the target by the Doppler Spectrometry diagnostic. After this
pressure disturbance (which it is expected would take the form of a strong
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shock wave) has passed, the rarefaction wave that must follow it causes the

fluid motion to reverse. Other more recent publications explore the
hydrodynamics of intense-short pulse laser pulses with dense plasmas in more
detail [5-10].
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10.1 Introductlon to diagnostics for inertial fusion

The voyage of nuclear fusion has started about 70 years ago (Sacharov, Teller,

...) and despite progress has provided many disillusions...60 years ago the

laser was invented, opening the field of “Inertial Fusion” (Basov, Nuckolls, ...).

Today we still facing great difficulties but also we are probably close to the

demonstration of ignition, the scientific feasibility of fusion, which will conclude

the first part of this travel.

Principle of Inertial Confinement (direct drive):

Laser light shines The target

on the target is compressed

30 488

L e =
bl
The target is ignited The target
burns
-f \n
I~ 'u

Thermonuclear Fusion:

() Need to have high

Deuterium—Tritium Fusion Reaction temperatures to overcome

Del.t:rlum

Pece /
&

Coloumb repulsion

Need to havel many fusion
reactions to allow for
i energy gain, ie. large
i number of particles and/or

08 Trium T .=~ 5-10 keV
g

: long confinement time.
Lawson’s criterium

"‘““’“ n,t=1.510"s cm3

“Triple product” n.,t T=8 10" s cm™® keV
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Nnet~1510%s cm3

iS @ minimum point
In general case:

et > L(T)

10°
] 10 10 10°
temperature (keV)

In ICF we cannot reach 25 keV. Then: mne.t~310¥scm?

Creating condltions for fusion:

(O Gravitational () Magnetic () Inertial
Confinement Confinement Confinement
Heating * Electromagnetic Waves ~ ~ COmpression (implosion
MechanlsmSZ ¥ Ohmlc Heatmg (by e|ectnc leen by |aser, or by X-IayS
* Compression currents) from laser, or by ion beams)
(gravity) * Neutral Particle Beams * Fusion Reactions
* Fusion Reactions (atomic hydrogen) (primarily D+T)

(such as the p-p

chain) * Fusion Reactions (D+T)
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The secondary system (H-
bomb) 1s 1gnited by the
explosion of a

“ . ”
conventional nuclear
bomb

For controlled nuclear
fusion:

*Need to ignite small mass
of fuel

*Need to 1gnite with
different tools!

—— e 2

Isothermal expansion of a gas

Rarefaction (expansion) wave
Self-similar model

A
C.
=S n(x)=n, exp(—x/L)
L=c,t
> ¢, =(yzkT/ m)l';g

t=0 t t t3....
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|l awson’s criterium for
inertial fusion

n.t~3 10% s cm3

Disassembly time determuned by the fuels inertia

tr<R/c, = wetake r1=R/4c,

1on sound velocity in a plasma
¢, =(vZkT,Im)" =98 10°(yZ T.(eV)/u) em/s
=7 10" em/s (for T=10keV)
Notice:
in magnetic fusion the time T expresses the confinement of energy

In mertial fusion it refers to the confinement of mass

| awson’s criterium for
inertial fusion

n.t~3 10% s cm3
Disassembly time determined by the fuels inertia

T=R/4c c, =7 107 em/s (for T=10 keV)

n =n = P{f—ma.{}zz 102em™ =240 10%em™

no— 3 10%-(24p 10%)(R/4x7.6 107)

For typical ICF conditions

i

= pR- 310"x4x710"/ 24 10 =0.3 g/lem”
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Burning fraction in ICF

Hg “combustion parameter” for a DT plasma fuel

EIEI 4I{ZI EID éﬂ 100
| awson’ s criterium for
inertial fusion

Lawson’s Criterium
for ignition (D-T):
pR > 0.3 gcm™

Burning criterum:
pR >3 gecm=

10° =
e 10 10° 10°
temperature (keV)

In ICF we cannot reach 25 keV. Then: n.t=~610"%scm?3

Page | 149



155 Erasmus+

o N . #
HELLENIC . 4 %) P S UNIVERSITY Oueerss Universty
université { %) oF )
TNvERsTY }‘ “BORDEAUX  1init WLV @ " York X

Powsctabs
High Pewer Leser Plasma Physics.

10.2 Targets for fusion

ICF typical targets

INITIAL CONDITIONS
CRYOGENIC SHELL
- Rjp= 2mm, Ar =33 pm
- A=R, /Ar=860
Vipx 41 R2Ar=1.6 102 cm?
- pn=25x 01g/cm? M=041 mg

FINAL CONDITIONS

= Piin/ pin= 1000

- Pin = 250 gf cm?

- Vfin = 43 {Hﬁns'ﬂoa) =16 10%cm?
- Rjn~ 72 um

- Ar=60pm (A=12)

- Pin Ban = 1.8 gf cm?

Hot spot (R,=10 zim)

Compressed fuel

ICF typical targets

“Ablator”
(plastics. S10,. Be. Diamond)

DT ice (p =0.25 glem?)
“Fuel” “Shell”

DT gas

External radius = mm DT mass = mg
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It
Naser = 1mplosion =~ 10 ns
I =3 10 W/em?

E =2 mm

Then

S=05cm?

Epacer = I tiaeerS = 1.5 MJ
Vimplosion = 2 mm/10 ns

=200 gm/ns =200 kn/s

(in reality up to 400 ym/ns before
“stagnation’)

Space-time plot

| ]
L]
e
L 4

1

1 ablation and acceleration

2 implosion (almost constant velocity)
3 deceleration

4 stagnation (creation of hot spot)

5 explosion
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-

O

shell is converted in:

p
P

¢ | - Heating of the central has
>

Kinetic Energy of (remaining) imploding

- Compression of the fuel in the shell

4 Stagnation is reached as the A
pressure of the internal fuel
increases and gradually slows the
shell down.
At stagnation Pgney = Peenyral spot Y,
~N

/

Produces an Isobaric fuel assembly
MNeed for High Aspect ratio target and high implosion velocities

V ~400 km/s

Why do we need a hot spot?

O
°

/ INITIAL CONDITIONS
CRYOGENIC SHELL

- Vs 4nR,ZAr=16 103 cm?
- pnx25x 01g/cm® M=041 mg

k‘ Nmnli :DB 1{]_4

- Ri,= 2mm, R,/ Ar =60 (Ar = 33 um)

N

/

Total number of ions NgT = 2 1021
If Ts, = 10 keV, total thermal energy
infuel E~ 2 (3/2Npgr T) = 10 MJ I

“Volume ignition” is NOT achievable !

Conversion efficiency from laser light to thermal energy of the fuel is

extremely low =5 %
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Notice:
Ablation Pressure P = 50 MBar

Pressure at stagnation P ~ 500 Gbar

Amplification of a factor x 10000 due to
convergence.

Spherical geometry is essential for ignition

NIF-like target (1 MJ)

Stagnation density
and temperature

7f 31400 SHELL
6 1200 —psin Bsn = 102 g/ cm? = 40 ym
; =4 g/cm?
5F 31000 5 Mi=Ne~25 10%6cm®
< af {800 "5
N i > HOTSPOT
= 3 600 @ —pfin Rsn~ 130 g/ cmdx 22 um
2 F Ja00 2 =0.3 g/cm2
; -n; = N, ~ 3 1035 ¢m-3
1§ 1200
¢ 10 2 30 40 50 PRESSURE (hot spot)
R (um) -P~ 600 GBar

_ . _h5 102 -3
n,=n, =24p 107cm

P(Bar)=18 107 n, . (cm™) T.(eV)
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Driving ICF targets with lasers is a very inefficient

Expanding ablated Examples:

(blow-off) plasma

MIF Indirect Drive

Laser energy = 1.8M)

Shell final kinetic energy = 10-14kJ
Total efficiency = 0.6-0.8 %

MIF Direct Drive

Laser energy = 1.8MJ

Ablator Shell final kinetic energy = 70-90k!
Total efficiency = 4-5 %

DT ice

DT vapor Useful kinetic energy = E vail

V, = implosion velocity

Only a small fraction of the driver energy is converted into useful implosion energy

Useful kinetic energy _—» Compression and heating of the central hot spot
l MM VZ — S0%
o~ umablated Ui === ~gnoq ~—3, Compression of the dense shell to provide the “inertial”

confinement

10.3 Characteristic instabilities

Rayleigh-Taylor Instability:

L

-

Alr pressure

y=,/A](g A:M
Pyt P
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Rayleigh-Taylor Instability —
spherical implosions / explosions

Distance, micrometers

0 20 40 &0 80 | 3 milkon klometers
Destance, micrometers

Striking similaribes exist between hydrodynamic instabilities in (a) Inertial confinement fusion capsule iImplosions
and (b) core-collapse supamova explosions. [Image (a) is from Sakagami and Nighihara, Physics of Fluds 82,
2715 (18060); image (b) s from Hachisu et al.. Astrophysical Journal 368, L27 (18081) ]

‘Energy must be delivered as sysmmetric as possible!

Rayleigh-Taylor Instability:

In ICF, Rayleigh Taylor nstability 1s partially stabilised due to
* the presence of a density gradient (p(x)=p.exp(-x/L)) (less space for

growth)
* plasma expansion (the “seeded instability™ is transported away)

Akg
L+ kL
* Short modes are stabilised (A<<L.1.e. kL>>1)

* Large modes are not stabilised but they grow very slowly (A 1s big
and then k and yare small)

V= - ﬁ k Vabi Takabe's formula

The most dangerous modes are the intermediate ones
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In ICF Rayleigh Taylor instabilities may develop:
1) during the acceleration phase (1) at the ablation front [the less
dense plasma corona “pushes” the denser shell]

2) During the deceleration phase (3) at the shell/fuel inner interface
[the less dense gas in the core pushes the imploding shell]

Good and bad news:

Experiments with GEKKO XIl laser, Institute of Laser Engineering,

University of Osaka, Japan

O Experimental demonstration of compression of DT up to 600 = solid

density (Azechi et al_, Las. Part. Beams, 1991)

O WE ARE ABLE TO OBTAIN DENSITIES DIRECTLY RELEVANT FOR
ICF!
However: number of neutrons much smaller than expected: The

central hot spot was not generated
WE ARE NOT ABLE TO COMPFPRESS UNIFORMILY
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lnertial confinement: direct
vs. indirect drive

Direct-drive target

g U ca,
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Indirect-drive target

Diagnostic hole

Laser beams

Hohlraum using
- . a cylindrical high-Z case

Direct: higher efficiency, more problems with uniformity
Indirect: better uniformity but reduction of efficiency

In both case you need M.J-class laser systems

National Ignition Facility (NIF) - layout

Intagrated computer
contals syslem e

—— Target
axperimantal
systams

Page | 157



nELLENIC B & G s e i G
i N wipme  ® 08) Wop Q@

- Erasmus+

National Ignition Campaign (2009-2012)

@® NIF @ 1.5 MJ. Designed for G=E,.,.,/Ejseer =20

O

~
_

O
O

G=1 implies Nyeytron= 5 1017 (but they only got =101%)

Problems:
Incomplete EOS data of matenals at high pressures in hydrodynamics
simulations

Incomplete data on opacities

Underestimation of the impact of parametric instabilities in the gas
inside the holhraum

Significant problem on how to keep the pellet inside the holhraum

Underestimation of impact of Rayleigh Taylor instability [Measured
convergence ratio lower than predicted (using the implosion velocity
extracted from experiment). The shell breaks before end of the
implosion]

National Ignition Campaign (2009-2012)

NIF @ 1.5 MJ. Designed for G=E¢.jon/Ejaser =20
G=1 implies N, cytron™ 5 1017 (but they only got =1013)

This clearly shows that the goal of achieving ignition is
still a scientific challenge rather than a technological

challenge.
As such it is somewhat “umpredictable”

(and this is true for MCF too...)
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We finally have an implosion where a large fraction of !ﬁh
the total fusion output is from a-particle self-heating
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Joint WCI/NIF Team:

D. Callahan, E. Dewald, T. Dittrich, T. Doeppner, D. Hinkel, L. Berzak Hopkins, O. Hurricane, P.
Kervin, J. Lee Kline (LANL), S. LePape, T. Ma, J. Milovich, J. Moody, A, Pak, H.-3. Park, B.
Remington, H. Robey, J. Salmonson, NIF operations, NIF cryo, NIF targets, GA, LLE, & M.LT.

Extremely interesting results
after NIC (and bad pubblicity)

High-foot implosions (O.Hurricane, et al. Nature 2014) have
allowed entering a novel “a-heating regime”
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The best NIF implosions used the High-Foot laser
pulse that drives stronger shocks in the “foot”

Powsctabs
¥ Righ Power Laser Plasma Physics

‘ 0. Hurricane, APS DPP _The high foot pulse se_t the

meeting (2013) imploding shell on a higher

isentrope a (nothing to do

v with a-particles) because it

12 For) launches stronger shocks in
7 " the “foot” of the pulse

Akg
1+kL

~ /3/( vﬂbﬁ:
~/

Increase with o

High-foot growth-factor calculations and simulations
are consistent with the expectation of less instability

Very recent results on NIF

1.82mm e " W- doped HDG™
capsule ——— / capsule driven ina ™

low-gas-fill hohlraum
390 km/s, 2e16, 57 kJd II
_ of fusion yield, more /
. than2x u-heatingz/’

Mear Vacuum Hohlraums
reduce Laser-Plasma-
Instabilities

Neutron Yield

HDC (diamond) or Beryllium
Ablator have greater
hydrodynamic efficiency
allowing a more massive (and
more stable) shell to be
imploded

i i i i i Rugby holhraum
1“0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 9oy

Laser Energy (MJ)
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NIF and indirect drive

The National Ignition Facility (NIF) maybe able to demonstrate the
scientific feasibility of nuclear fusion. This will be an enormous
scientific achievement !

However.... NIF is based on INDIRECT DRIVE which does not seem
compatible with requirements for fusion reactors:

* Complicated targets

» Massive targets (lot of high-Z material in chamber)
» Above all: intrinsic low gain due to X-ray conversion.

In addition, indirect drive poses “political” problems...
Therefore we need DIRECT DRIVE

......

Shock ignition: a final laser spike
launches a converging shock

Conventionnal direct drive
450 TW, 1.5MJ pulse

Low velocity drive
"l 220TW
. gnition spike

P (TW)

Power (TW)

80 TW, 250
L..kJ pulse

67 8 % 000120405
b (ms)

High Aspect ratio target Low AR V~240 km/s

W =400 km/s

N Fuel
assembly
p p is non
isobaric
F r P r

>

Produces an |sobaric fuel
assembly

IEEEEEEEEE S S EE R EEEEEEEEEEEEEEEE SRS EEdiFESEENENE PR RS
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10.4 Physics of fusion diagnostics
Physics of laser-driven proton acceleration

Fast electrons are produced by the laser and escaping from the target rear
create a space charge which ionizes the material and accelerate protons

TNSA (Target
Normal Sheat
Acceleration)
Mechanism

Role of
CH/H,0
contamination

Radiochromic films

o The detector is made by a series
of active layers placed one after
each other

Moraomeyy ¢ 'he final (OD) profiles across a
MD1 (F,~ 8 1MeV) given layer is MAINLY due to

DS (E6,EMeV) the protons with Bragg peak
HD4 (E ~5,8MeV) :
L Wasioioi corresponding to that layer
HD2 (E ~3,2MeV)
HOL (B~ 1L.2MeV)

“Intrinsic” timé~Fésolution: Protons of different energies (non
monochromatic spectrum!) travel at different velocities and hence

probe the plasma at different times
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Principle of Proton radiography

* Protons deposit most of energy at the T =delav + TOF
end of their travel 3
* Protons with different energy arrive at TOF= fi_
different time to the cylinder and at
different position inside the detector

» Different time delay for each shot

Gold foil
RCFs s (20pm)
1:"1 < E2 < .175N

T1>T2>....>T

N (pioneering works by M.Borghesi et al.)

Protons: diagnostics of electric and
magnetic fields

Interaction beam
CPA beam [ I
'i % Proton beam
b
Proton  Interaction Proton
target target detector

Comparison of shadowgraphy image and proton
image

Electric fields localised at ionisation front moving

in the gas
43 Proton images with N, at 100 Bars.
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Protons: diagnostics of electric and
magnetic fields

PHYSICS OF PLASMAS 16, 033104 (2009)

Laser-driven fast electron dynamics in gaseous media
under the influence of large electric fields

D. Batanl,” SDBa!on’M Mandoss# DPIaHB.MKOG’)Ig. A. Benuzz
H. Popescu,” C. Rousseauy,” M. Borghesl,* C. Cecchsttl* and A.

Other diagnostics (X, OTR)

Interaction beam

Probe beam
t=30f A=58m
A =1057 pm =305
E=5J E 001-017
= 16mm

AA

Proton radiography of shock propagation

PHYSICAL REVIEW E 82, 016407 (2010)

Proton radiography of a shock-compressed target

A. Ravasio.! L. Romagnani® 8. Le Pape,’ A. Benuzzi-Mounaix,' C. Cecchetti® D. Batani.* T. Boehly,” M. Borghesi,”
R. Dezulian.’ L. Gremiller.” E. I-Ir.nr_','[' D. Hicks, B Luup]asl A. MacKinnon, ]'N Ozaki,' H. 5. Park.” P. Patel,” A. Schiavi,

, T. Vinci,' R. Clarke,* M. Notln:\' 5. Band\'opad.h\'ay and M. Kn:'mg]

towards salf

Radiography from
=/ MeV protons

Ix100)-2ns
45
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¥ Righ Power Laser Plasma Physics

Proton radiography of imploding targets

250 - —&-Transmission (data) 1

o
Setu ‘ _ '
P « L (pg= 0.1 g/Cc) ——CH core (2D hydro simulations)
] 200 - -
DO -g-
- = 150
I =
\ N\
RCF stack
_éold all Proton beam E 100 -
@™ compression

beams
RCF images show compression

3

00 05 1 1,5 2 25 é
T = Atisenry + TOF [ns]
time for which protons of a given
aensrgy probe the plasma
Cylindrical compression is visible
Stagnation time t =2 ns in agreement with
predictions from hydro simulations.
Measured cylinder diameter much bigger
than predictions

T=0ns T=236ns

* Protons seem not to be able to probe the dense region. Should
. we trust results?

Simulations with MCPNX

Proton radiography has been simulated with MCNPX taking into account
plasma effects in the extended corona and image mixing

Uncompressed cylinder target (Reference case)

Lrvarg e cdroe Fabe sice s

........

X
|| O

1) .

' 00 0T WS W SN § S MM OIRE 00 e

noot

* Very good agreement with reality
« diameter(detector)=diameter(real)*magnification
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Simulations with MCPNX

For compressed cylinders, there is severe multiple scattering and proton
energy loss in the target producing image mixing. Detailed comparison
with synthetic images produced by codes is needed

Multiple energy  Single energy

L1 E=1.2 MeV

L4 E=5.8 MeV

L7 E=9.8 MeV

Proton radlography of imploding targets

PHYSKS OF PLASMAS 18 0 2011

Proton radiography of laser-driven imploding target in cylindrical geometry
L. Velpe,' D. Batars,'# B. Vnuz:ur Ph. Nicolss,” . J Santos,” C. Rogan,” A. Morace,*
F. Doschics,” C. Fourment,” S. Huin,? f Parcz.® S. Ed!:"l LS Lancaster,”
M a:lmbq'l A ’4Dﬂtf€0(0 M Tolloy.” Ch. Spindl P. Koagtar, l'm
L. A Gizzi,” C. Bonedetti,' Abguﬂoﬂfq M Rrrfa'aw F‘nJoytI» Bog S. Chawa,' . .
D. P. Higgraan,” and A. G. MacPhoa ' Hydro simulations (CHIC)
Experimental Rasults from Proton Radography

.
200 ® Synthetized Images (MCNPX)
» Scattering in dense matter causes loss of “HT U 1 I % i
J
resolution »
|
» Energy loss in dense matter produces =01
“mixing” of protons emitted at different
times _ 20 ==
2 150
2
el
100
. 50
0

time (ns)
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Simulations with MCPNX
Worksheet
300
® Experimental data
4 Hydro simulations
—_ A New MC simulations
= 'S
e
o 200 |- -y &
- ® e A A
E s
[} - ® o
A
~.
g 100 |- .,
0‘, *
0 I | ' | 1
o 1 t(ns) 2 3

Tue Sep 22 15:27:13 2009

Experimental data are well reproduced by MC (MCNPX)
simulations without the need of including exotic effects

Pin-hole Camera

A small hole in an opaque screen produces an image (in the limit
of very small holes only 1 ray from each point source passes.
creating the image)

A
r
!'B,
I
B ! 20cm |
= adg em o
52 q
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2D plasma image

Plasma size increases with laser
energy

oy

100-am: -

+ Non monochromatic images

+ Need to place an X-ray filter on pin-hole to stop visible light and XUV
+ Need to take the viewing angle into account

+ Resolution implies small pin-hole which means very low flux

53
Spherically bent crystal
X-ray reflection, in the energy range 1-10 keV, is achievable using crystals
following the well known Bragg law of reflection
2d sin® = ni
Spherically bent crystals allow 2D spatial resolution of the x-ray source,
___ Rowland Some suitable crystals
T--gircle
Quartz 211, 3.082 A, Cu Ka
Quartz 203, 2.749 A, TiKa
Source _,-*”; Quartz 203, 2.749 A, Sc Lya
Image A Morace, D. Batani “Spherically bent crystal for X-ray imaging of laser produced
plazmas”™ Muclear Instruments and Methods in Physics Research A |, 623:22, 797-
54 800, Elsevier BV, 11 (2010)
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Experiment on fast “Fast ignition™ approach to ICF

electron propagation e e
at RAL (laser Vulcan) ¥z

Focal spot: 160 ym

PW laser producing fast el

Gold
shield
Nt foll, = 16 pm thick
CH covered CH covered Cu foil
Au cylinder Polyimide
cylinder

180 - 200
um > 250 um

‘_T_' 2&)
200 um L 20 um
Cross section Actual Target

K-shell ionization and K-o emission

The Ka emission from the target tracks the fast elctron beam transport

———
A fast electron ionizes *e
the inner shell of an -0
atom in the propagation //""
medium ® — = o K shell
- N °
—O—0—
The atom in the subsequent
e K-oo photon  recombination process emits
J a photon called Ko photon,
——— the emission is completely
isotropic

Is therefore possible, by imaging the x —ray source, to get spatial
information on the fast electron beam propagation into the target
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Shot 73, 1 g/cc, 10% Cu
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Cu Foll emission
Cu Foil
emission

Cu Ka
images

Foam emission

1 glcc

ZZ0 ym

Faun dmeter (um)

Foam diameter + +

® Experimental
— Simulation

57

Deliry between long and short puses. (ns)

Cone-wire targets

Cone-wire targets from
“fast electron transport”
experiment at TAP

\ LRy

4 k > N A 4 |
4 'j 'f“1 ,’\’"’""‘l § 4 f }( f‘ A} N Ly x
310 A WY i, 2 wAR'

| Vo AN i f Y

! YwnS " )

a{ 1 o
1 — 1 0
2¢c 01 12 03 04 0s ne [E 00 _“"”':_ " 04
Distanca (cmj e
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High Pewer Leser Plasma Physics.

Bandwidth

The bandwidth collected by the crystal is limited by
geometrical factors as magnification M, curvature radius R

and aperture D
For example, R=38 cm,

M= 7.8 and D=16 mm
(Cu alignment 1.37) the
minimum angle is ~
0.3" and the maximum
2.25°

Rowland

This corresponds to
a spectral
bandwidth of 6 eV,
from 8046 to 8052

Actually the bandwidth is usually less that the width of the Ka
line !

See for example : Akli et al. Phys. Plasmas 14, 023102 2007

Bandwidth

E400 T T T T T T T
°g
i 0 FLYCHE cale. = |
®  this work
- oW
= g0 b -
= 0®0
e EDG
2 i o .
L)
o
£ a0l -::}ﬁ' _
B o
E owo
5 L )
2 OED
= BLDO [ -
: o2
.Il
--------aliﬁiaa =L .
L LT T YL L)
L |
mﬂ 5 '_'tl 25 30

Z*

Target heating induces a blue shift of the Ka line and this
corresponds to a reduction of the collected signal

See for example : Akli et al. Phys. Plasmas 14, 023102 2007
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Limits to resolution

The dominant factor that influences the resolution is the bending process

04 rl,h_rv“‘
/ " 90%
EE:‘ 10“}‘::! I."Jl

} 4

o
"'\”ﬁ“"'h..""‘—'\._,-"""x_.-"' .a—"""’"‘_’r |
] 10 i1} 30 40 50 11}
Diglance [plaels)

Take the lineout from the 10% to the 90%

J

d \
—f) S
dx )
g1 Or fit the hard edge profile, calculate the derivative and take its FWHM

Astigmatism

‘\\
Light from off RS
axis source TR 27 AN
SRS / \\‘\
s / S
: =g i)
optical axis (¢ T, ]
i S R
; i —]
i \ ' ’1
a \ v il
‘0 - \, e of
Sagittal focus i e o SR
1 NS
a Q ?
(\ e ol Meridional
} - focus
( circle of least
confusion

Koch et al. Appl. Opt. 37, 1784 (1998)
Koch et al. Rev. Sci. Inst. 74, 2130 (2003)

__ Avresolution of 3 um has been demonstrated by Aglitskji
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PALS: accurate hot electron characterization

Simultaneous characterisation by: i) X-ray imaging,
i) X-raﬂy spectroscopy, i) Bremsstrahlung cannon

E ) < ]
E s [ 1w h
5 0.8 % ''''' £ 1
2 5 :
E 08 é '?: 2 L i X _:
3% | o % 2 ) e 5 ]
4 - ] W, L i i 1
3 5517 WHFaN D o
E 2 1; [ \-‘,,u_..p-.'l Wm 1
§ H 0 F g teian g VW L ey
[ K] 0.0 I_'||h_.lll'ﬂk'|'g | 1 |Hl?ml
[} B200 8400

s
7
]
£

5
4

:‘_ |*m 1 ? ,r_-_:_:,;-._i.ﬁl;n-.- )
| - 1+ [
}I +++ i,T s |
! L “ -IIII |
-t S Jt,} | [
e | N

| It b | [
1 b

Astlgmatlsm free 1magmg

It is possible to avoid almost completely the astigmatism using thoroidally
bent crystals for imaging, these were not available 10 years ago

Thoroidal crystal can correct the astigmatism providing
two different curvature radii for meridional and sagittal

planes

Alignment procedure is much more complex because it introduces
_ constraints on all the 6 degrees of freedom and its quite expensive: 20 k$
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Hot electrons: results
n” ————r——r—r—r W1 —
L i o o o E o) Fo 3=
B axw" F [ cutpem 'S5 = cuT-smiev
E. 15 U e O
5 gx10" kel II I : - B § L f ]
41 | Cu 10 uym I i E i E I !
a5 ) i
F Hllll L} 2 HHTEE?
o L] sl
2x10 massive L Lo ]
e ST ﬁ'-e tarat 10um m target
t i zsescsresmne ot asssersaswmini
shot mamber shot number
Photon fluxes reconstructed from x-ray Laser energy conversion efficiency into hot electrons.
images for AE=100 Diverse Cu targets were irradiated by 1w and 3w lasers

focused to diameter 100 pm.

HE charactenstics at 300 and 10 uradiation deduced from this work.

3w, Ejzzer = 200] 1w, Ejaser = 650)
Te- (keV) 207 38
Elaser e (%) 0.14%s 2660

Laser Megajoule

> 20% of shots will be allocated for civilian academic research
oriented towards fusion for energy

Daress mef Twaptaumataldag
e ‘\\ l

Fwithymsd ba Hn‘\

7 Uspiminersmoent e

Nd:glass
2MJ

10 ns
160 beams

\Twp_ldu ber

NLo@es 07 s pon e

Goal:
Performing shock ignition demonstration experiments
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LMJ/PETAL: Configuration 2019

iJ Upper quad g9° g1e
. Lower quad 1 i

Total Energy normally
Available = 200 kJ,

Possibility of different
'] 351° irradiation geometries

\*P 14 Quad LMJ
gﬂ

B =90°50.5° 49° 3325 ——

___II!-NI

207

LMJ/PETAL

PETAL Quad LMJ
Energy ~ 3.5 kJ, Energy =~ 30 kJ, Wavelength: 351 nm,
Wavelength: 1053 nm, Duration: a few ns,

Duration: 0,5 ps to 10 ps, Intensity on target: > a few 107> W/cm?
Intensity: > 102¢ W/cm?
(in a first phase energy
delivered to TCC is = 1 kJ)

PETAL
(equatorial plane)

Configuration > second_d
2017 Quads LMJ

(laser chain 29)

2 first —

Quads LMJ

68 (laser chain 28)
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PETAL, a laser for

Academic research
AQUITAINE

The development of the system has been funded by “Région et rwe.
Aquitaine” with contribution from the French national government ™™
and the E.U. ( total budget 54.3 ME)

MEDITERRANEAN université
UNvERSITY “BORDEAUX

Powsctap
High Pewer Leser Plasma Physics.

"PETAL" stands for "PETawatt Aquitaine Laser”, a petawatt laser
coupled with LMJ facility for civilian research

The Region Aquitaine is the contracting owner of the PETAL facility

CEA is the prime contractor of the PETAL system which is
constructed on the CESTA site of Le Barp (near Bordeaux)

The laser system

Characteristics of the

PETAL laser system

- Energy * 3.5kJ,

- Wavelength : 1053
nm,

- Duration 0,5 ps-10
ps,

- Intensity on target
1020 W/em2,

- Intensity contrast : 107
at-7 ps,

* Limited to 1 kJ at the moment due to
damage threshold of mirros

- ’5 The pre-amplification module of PETAL
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PETAL, a laser for
Academic research

Focusing

@® PETAL: coupling
a PW laser to LMJ
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SID: Diagnostics inserter on LMJ/PETAL

Need for remote
handling & remote
control...

Example of insertion

system (SID) on LMJ
interaction chamber

Spectrométre

Rallonge

EquipEx PETAL+ “Realisation of first
plasma diagnostics for LMJ/PETAL”

SEPAGE: A Thomson Parabola for:

@ lons/protons in the 100 keV - 200 MeV range

@ Electrons in the 100 keV-100 MeV range
0

SESAME:
Electron spectrometers for
0.1 - 150 MeV with 10%

Spectral resolution

SPECTIX: Crystal
cylindrical crystal
transmission X-ray
spectrometer for 5-100
keV with Aw/a = 1/300

(Cauchois geometry)

-
=i

protons

CRACC: radiographic cassette Stacks of
radiochromic films or IP for proton / X-ray
radiography using PETAL as a backlighter source

74 -

s
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High Pewer Leser Plasma Physics.

Generation of protons

thin target 3.5 kJ case after 1.94 ps
{sz L. - . - . v - v 1
ETTNSA as
; il
accelerated = hat electran E 25'
protons cloud 2z
ke
eitenamapet - E =y
H i it
r.. [IR-T
3 0
Tangﬂ-tmml; T EEE ENE.
quos-static H Cworgance (7
electric field o

" Proton energy

Estimation of Proton emission from a 10- spectrum at 3.5 kJ

um plastic target irradiated with PETAL
from 2D PIC simulations using the code
PICLS

Proton divergence distribution for
protons with an energy > 40 MeV in the
forward direction

Hureher of praions per Mel'

{Comparable to the 50 MeV obtained on PR S S
COmega EP by K. Flippo et al. with 1kJ but . H:znw:;w":'wl e aa
with a longer pulse duration)

Radiographic cassette

- Functions: measurement of the divergence of the proton beam as a function of energy on
=45 (100 mm from TCC).

- Stacks of radiochromic films or IP for proton / X-ray radiography using PETAL as a
backlighter source

- Hole in the centre to allow for proton spectroscopy
- Dimensions : 100x100 mm?

- 20 radiochromic films separated by filters in Aluminum and tungsten to cover the energy
range between ~1 Me\/ and 200 MeV.

Mass : 5 kg (without suppport, total allowed mass 10 kg)
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First PETAL shots (400J) Radiography

Target 25 pm Au 30 mm rom TCC + 2 ym Au + gnd at SPECTIX
TCC
LASER 400 J / 1000 £s / focal spot to be improved

o . ] 3
SESAME PETAL shot on 24/10/2017

m— |

i s & TR 45 e
e N g, 2 () Won Q@

"

Wﬁ* ﬁ“'

\

Eleeuon 51°nal very weak but present

!!!- .
K al2 i3

IP in position 2 to improve

spectral resolution at high
photon energy

9,5 MeV 18,5 MeV 30,5 MeV
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First PETAL shots (400J) Radiography

Proton beam generated by PETAL

Ng—
@ i rs

Powsctabs
High Pewer Leser Plasma Physics.

Laser ‘
PETAL k |

Au target (25 pm) '
30 mm from TCC Au grid

RCF films

Surface 7x7 mm?
Thickness 50 ym
Pitch 200 pm

Wire size 100 ym

SEPAGE

A Thomson Parabola for:

4 lons/protons in the 100 keV - 200 MeV
range

# Electrons in the 100 keV-100 MeV
range

Ferromagnetic shield

Pin-hole in W y ’ —~— High-
g - voltage
Tube for pin-hol g plates :
support Low Energy High Energy
diameter 200 ym 500 ym
Pin-hole
length 4 mm 40 mm
B field 005T 05T
Magnet Material Ferrite NdFeB
Permanent
magnets Gap 33 mm 12mm
E field 1,3 kV/imm 2,5 kV/imm
Supportin V HV Plate
(positioning of pin-hole) Voltage % 25kV + 13kV
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Calibration of the low-energy channel
Thomson parabola of PETAL+/SEPAGE

Detector

Tandem facility at Orsay (Francé

J_ PO 7 1

E ===
, protons

B

L=40 Method: use of protons
(3 to 22 MeV) &
1CCD 12C3+ & 12C** ions
MCP (5.3 to 84 MeV) combined
| Thomson with different targets
ol{[E parabola (thin & thick) to calibrate
' E the fields integrals
= collimators
/ Bdz & / Edz
arget 7?\;;',‘3_ independently from the
b target thicknesses and the
| L mechanical positioning
Sean of the detector.

E
J-E. Ducret, D. Batana, G. Boutoux, K. Jakubowska, N. Rabhi, L. Serani, et al., “Calibration of the low-energy channel Thomson
parabola of the LMJ-PETAL diagnostic SEPAGE with protons and carbon ions™ Review of Scientific Instruments 89, 023304 (2018)

Manip Q_Sepage (Avril 2018):
CH 50 um + flash Al, 450J / 610 fs

100000 : .
®  RCF stack
e Thomson parabola (HE)
. e w ; |
10000} {41
|
3 z
< B
Z 1000 .
& | R
e | S
£ -l
- (<)
100}
5 =
le {4
' 0,1
10- , A ®* e d_1
qo 20 30 40 50 60 70 80 90100

Energy (MeV)

Preliminary comparison of a proton spectrum obtained with
the RCF stack and the HE Thomson Parabola.
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EquipEx Petal+: SPECTIX

X-ray spectrometer

Detection of X-rays in the range 5 - 100 keV
With spectral resolution ALA = 1/300
Principle: Cylindrical crystal in transmission

— HXS Naval
et HENEX . Research
3 A DCS Laboratory
- W (
il __
x-ray . ~ lE TCS OMEGA EP
source o ——C specira LLCS © LLNL
o e | Lcs LULI
e A c2S - CELIA
" o i Y. Cauchois, Journal de
lead shielding ﬁm Physique 3, 320 (1932)
84 J.F. Seely et al., High Energy Density Physics 3, 263 (2007)

SPECTIX: X-ray spectrometer

9.6 keV 26.7 18 17 keV

WLE WLy SeK Bag( CdK ZrK YlK
|

Channel #1

’r
I

88674 52374 26.7 232 20keV
Channel #2 2nd order 1st order Pinhole PbK
WKae WKB | WKa WKB image TaK TbK BaK CdK RhK MoK
|- / \\ [ 1 . N DY

85
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SPECTIX in the SID
l‘

Cassettes anti-debris Cassette for filter Cassettes JP1, IP2, IP.

i

1600

250
Detection Module
Alignement module
(laser pointers)
Anti-debris module
Front colimatiin
with deflection
magnets spectrometer Spectrometer
with cassette
86 for IPs

SPECTIX: first shots at LMJ

.
.
.
FH-2E 16 DRI BIER
2
Au L
T s
BEE (lend

B
§ e
7 1 3 10 1" 12 13 14 15
87 E (keV)
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High Pewer Leser Plasma Physics.

Manip Q_Sepage (Avril 2018):
Tir1: W2 mm, 430 J / 660 fs

LiF pos IP3+200

Quartz (10-11)
R=125 mm

Kol et Ka2
W KB1

W Ko ordre 2

SESAME

SESAME is a passive magnetic spectrometer.

It is made of an entrance shit and two coupled permanent magnets.

Electron spectra are recorded on IP
Charactenistics:
e Spectral range 0.1 — 150 MeV
e Spectral resolution OO0 o
- P actron
o Field of vision 1 mm Fanta réglable
teeerpera, @ Construetion - October 2016 R
: .
\ Qﬂ [ ]
f:— T »: ! .
Faisceau d'électrons I \
cible
Blindage 1P proton Systéme
turgsténe Magnaticue
[aimant + blindaga
magnéticue)
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Manip Q_Sepage (Avril 2018):
CH 50 um + flash Al, 450 J / 610 fs

,--'/éEPAGE : proton channels f SESAME 1 SESAME 2

N

Low energy High energy @

N\

Projet PETAPHYS «Preparation of the high 'Eﬂftﬂ'ﬂxuuenc:

power laser system PETAL for

experimental studies of inertial

conflnement fusion and high energy
=3 of matter»

TwIST: «Two (or Three) w Imaging SysTem»
* Measurement of PETAL focal spot shot-by-shot
+ Characterisation of PETAL performance

Photo of
ASPIX: Spectrometer Bremsstrahlung spectrameter- The insertable rod
compact (filters/IP)
Inserted by means of a insurable cylinder
to 3600 mm from TCC and “out of
chamber” (5 mm Al interface).
Measurement of X-ray spectra in the
range 10 keV-20 MeV, Temperature of
fats electrons produced by PETAL
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¥ Righ Power Laser Plasma Physics

Problems related to EMP

Sty

Probe 1
i\' |E_~25ﬂk‘|.l’.m"

Frobe 2

i | E...~ 7.5 K

S e

e ~T0vme
-

Frobe 3

Biack Lighter
kJ, 10 ps)

Laser bay

Diagnostic bay

H Probe 4
Scope

Timg In na

OMEGA measurements on May 2011

Coupling of the EM field to
cables may induce volt-level
disturbances in the data
acquisition electronics

EMP from PETAL =1 MV/m

AADIDGRAPHIC
fE- APPLICATIONS
z w0
ICF
% LULI . APPLICATIONS
. ® AMEGA ER
B0 gy .
T TITAN  * OyEGa EP
& 2 ps) OMEGA
g * N
£ LI LI
g (10 pe)
; 10" |
(1 ns)
{1ng) 2ns)  [4ns) (11 ns) (18 n5)
0’
10 100 1 10 10° 10"

Laser Energy focused on target (J)

PETAL ps shots could produce more
perturbations than the LMJ ns shots
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EMP measurements performed by

CEA on laser facilities :

2000 — 2004 : LLE — Omega
2006 : LULI — Nano2000

2007 — 2009 - LULI — Pico2000
2009 — 2010 : LLE — Omega EP
U5 feedback on NIF :

EMP measurments on TITAN
National Ignition Campaign

EMP features depends on :
the application

the laser powerfintensity

the target, focal spot size, etc.
Specifications :

ICF : 100 kV.m' @ 1 GHz
Radio. : 1 MV.m-" @ 10 GHz

- Erasmus+



Powsctabs
High Pewer Leser Plasma Physics.

Origin of EMP

1w’
EMP is produced by
1) Electric and magnetic fields due to
relativistic current propagating in =
solid targets W
2) Fields due to Vnx VT mechanism .
in the plasma 1

Charging and de-charging - 10"
e . EMP s, [ps]
N N Targat charge pradicton for
- Laser i+ varioug laser energy and durstion.

The neutralsation current
oscillates and emis the EMP

s J-L Dubois et al, Phys Rev E 2014
m APoyeetal, Phys Rev E 2015

The laser pulse ejects

The target is charged
some slectrons e

Modelling EMP (simuls & expts)

Simulation chain covers scales from 0.1 pm to 10 m:

CHIVAS (preplasma) — CALDER (laser plasma interaction) — MCNPX
(electron transport and X-ray generation) — SOPHIE (EM generation)

: . . . . 2110"

S n N PUSPOPPOY DT ST ;{a] [:C] ; i % i
2 Py "C'Jr"?”t 51:"3?“-"”"" .#.-PJ,.[-J,....'-I'.::..’::MJ..I].......m.-.-..&lrfﬂs.....ﬂi.........._::...1
.: "'T ......... m Ca, By = 80 d0md, 5 5 52 “‘ﬂ: .

1 TR — 0 G, By un--:f_um._q_ 3u-.=.n:$nrn #I“,?; :IE
i L. s A tl ayirm":&a;njlgL:";i;iﬂ}?h.xy..L.

AL [ T S I .(b) T, IO S . =t}

... Maghetic field spectrum IS Sy

i i RN s 2

aH B PP S N T =

o f 2 F & a 10 0 : . .

f (] 5 10 15

12 f, [GHz] Q. InCl

Experimental measurements of the recharge current and the EMP signal on
lasers ECLIPSE (CELIA) and EQUIMIOX (CEA)
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Mitigating EMP at source

This work allowed proposing
mitigation schemes

- ®target
[ — ot Resistive
o - Reference | cornf ~ :

‘O( — Rt material
e cond 32 .
0 v | e gonf 3 Magnetic

= ¥ EMP nlitiga{ion material conductor
=2 .

concepits

insulator

Electrical connectiont to chamber

15 2
T [ns]

Predicting EMP on PETAL

PETAL shots may

Instantaneous image (equatorial plane)

Field as a fimedon of dme

produce L . -
electromagnetic — om o
. . ) FITA
pulses inside the -
chamber with .
E>TMV/matim g
riicle:
Spectrum: 100 partiees
MHz - 10 GH=z
SEPAGE
=
B $53
—
SEDAGE E... IMV/im | SMLEVim | 1S0LVim | 200 kVim
Meacuerd at: 75om 145 cm 10 om 200 o
SDECTTY E... SMV/im | IMVim IMVim | 600 kVim
Mearuerd at 20 cm 40 cm 65 om 0lom
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Predicting EMP on PETAL

Max levels during a standard PETAL shot
vulnerability threshold

(typical values)

Damaging : 1-10 kVim
Malfunctioning - 0.1 - 1 kV/m

Attenuate EMP by controlling the currents flow
at origin: objective = factor 10

=+ EMP (chamber) < 100 kV/m < OMEGA-EP
=EMP(HE) = 1 kV/m

= Reduce EMP at source

Confirmed by CALDER-SOPHIE numerical simulations and = Good grounding and shielding
and in-situ transmission measurements = Develop EMP resistant electronics

= lUse passive detector

Generation of radiation

Production of high-energy particles (y, p, n) in experiments on PETAL:

1) Type l: interaction on thick solid target = production of hard x-rays
2) Type ll: interaction on thin sclid target - production of high-energy ions

3) Type lll: interaction on deuterated targets 2 neutrons
High doses are produced by firing PETAL on sclid or gas targets.
i) Studies on developments of “secondary sources” of particles and radiation

i) Test of irradiation doses of future LMJ experiments (activation problem)
i) Impact on the “nuclearization” of the LMJ/PETAL facility

~N -
PETAL

CH PETAL
a) bl
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Generation of radiation

In all cases the “driving motor” if the relativistic
interaction of the laser beam with the target
generating fast electrons

1E+6

1E+15 « teta= 5 degrés

1E+14 « lela= 20 degrés
E 1.E+13 «- teta= 45 degrés CALDER
? 12 * leta= 85 dogrés results
= [ ite. Me. - 0<teta< 90 degrés, a-{MeV)
. M b 3%
p LEH1 N max™
§ 16410 | o s 1020 W/cmz2
% r . ‘\‘ ‘-}\ -
U 1.E+09 | O O s, O
&= ' . .— ‘:\‘ »

16408 | TR

16407 " WA W<

1.E408 | i | s ikl i e Lo

0 20 40 60 80 100 120 140
E [MeV]

Type I: interaction on thick solid
target = production of hard x-rays

Electron-photon conversion from 2mm W foil simulated with MCHP
Electrons data obtained at the Calder box edges in 2D injected in MCHNP (30}

(P2) (P3)

— Efe) <5 MeV E
— 5MeV <E(e)} < 10MeV |1
— 10MeV < Efe-) < 20 MeV | ]

Eie-) = 20 MeV E
— ST (total photon spectmum) |

[P1}+{F2)=backward source term
(P3)= forward source term

W target

G

(e~ v.n)

(e-)

dMd Edis (/MeVisr)

MERP
(e-)
(e-, ¥, n
Cglder HI,,NPJ
ox -

(e~ source)

Energy (heV)
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Type |: interaction on thick solid
target - production of hard x-rays

Electron-photon conversion from 2mm W foil simulated with MCNP
Electrons data obtained at the Calder box edges in 2D injected in MCNP (3D)

1E+15 |0m T T T
: Electrons =
‘E'“' == Forward alectrons >
. i * 107
® 1E+13 = Backword clecirone g
2 §
3 1Ee2 ) g 10° i
Eoreen Z
i 10° o bl
[m) y_(.ml 001 [iN] 1 10 100
= 10" rm ™ T
1Ee | *
I = 10"
1Ee08 N - -
0 n 0 €@ (5 100 E
£ [MeV] g i
) Ph :
16438 o otons - 10" e AP PPPTIPPIN 1. SOOI ]
Forwand photors 001 o1 1 M‘D
5 E spectra of mm%)ﬁ:m(mﬁpﬁm&)w
§ (mnm(rﬁdm)dmmmmwﬁ2mm.
o 1000 and 3500 J
3 T cmery T pON BZON R EE08
5 Tt deciron temperatise, WV TS| 3 T (7]
u Tonctun of ntemes wocroms, T3 | B3| o | 29 |
- Temyg ol rllecied <l WV TZ | 22 | 3% | 3%
Trucien of Camemitiod clocroms, W [ECH DESE RICH BEES
Tengp ol d ke W TE | 2% | &5 | &%
Tlociron pholcn oo eneos rate T 5 YA | 204 | 425 | 00 |
Sl e [ WMarimus gy of irnmmated photos Rmar MV | B | & ™ 0t |
100 Tempersiis of trasamated photoms Ty, WeV TX | 23 | 3% | &5

£ [MaV)

Type Il: interaction on thin solid
target = high-energy ions

thin farget
(few pm)

TNSA

-

kl case after 2.33 ps 3.5 kJ case after 1.94 ps

iy

5
=3

a| accelerated - hot electron

£

By
Ez&%ﬁu
]
Marrigar of protons (9o}
Marrigar of protons (9o}

I:: 15| 18]
9| target-normal = 1 1
quas-static ": s LEN
electric field P .
5 OB oM I3 ¥ 3N oW a3 N OHM oM I ¥ M A
Estimation of Proton emission from a 10- hmpema i gt
um plastic target irradizsted with PETAL w" Prot 10" Prot
from 2D PIC simulations using the code o roton ensrgy ot roton energy
PICLS § | spectrumatlk) . | spectrum at3.5kl)
Proton divergence distribution for s " | ™
protons with an energy = 40 MgV in the g w?| 2wt
forward direction ‘E . E_.
=5 L] = m
{Comparable to the 50 MeV obtained on 2w B w
Omega EP by K. Flippo et al. with 1kJ but 2 2 .
with a longer pulse duration) "
bl I L R TR
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Prompt doses

Powsctap
High Pewer Leser Plasma Physics.

g
¥
i
£

o=
L
Hit

i

b
TS2 Prompt dose (protons) TS2 Prompt dose (neutrons)
Type Il: interaction on thin solid
target > high-energy lons
Total laser energy, J 200 500 1000 500
Hot ion temperature, MaV' 5 T 11.3 14.3
Number of accelarated protons > TMeV [ 25« 1003 | 35 1013 | BT« 10TF | 7.2 % 1079
thin forget Cut-off proton energy, MeV 32 53 (1] 114
(Few um) Total hot proton energy, J a0 31 102 163
Jremr— i hat decirm Table 2. Characteristics of arcelerated protons.
 Frodns sl
oo wod 1000 — : :
= m 1R —
‘d'ﬂ""""-“i E K3 Cror --".--
quzatr | L =
dectric fiekl = T.-_ﬁ tmm_-m me_ g‘
& H | e AR 5
= =
= 3 .
S | 4 #® o0l . J
: §
5 P
: B
= z .
10 . - P 10 P S R T
04 1 18 2 24 3 34 4 o 065 1 15 2 25 3 55 A
Laser talal encrgy (k) Laser total energy (kJ)
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Problems related to
radioactivity dose

1.E-01

S
3 Aisé (2008) {calcud padr Omega |
JJotdegaz 12.6>E>1kJ. 10ps
1. Tps 40 racs & 1m
= i 0 300 icalcul pour Petal sur LIL |
o 1.E-023 ‘ i N
E. 3 | Estimation for PETAL in LMJ
@ - chamber
g -
L 4
g Gekko / LFEX
© 1.E-03
c Pic02000 LULI (2006)
cie soide
/ Someadts |
[Alsé (2008)
| oidde salide
104, 1p8
1E-04 A PIum U S S0\ N 2 P |
0.1 1.0 10.0 100.0
Tiaser 22 (10" W/cm? pm?)

Radioactivity calculated 1 m behind a 2Zmm W target

Institute of Laser Engineering, Osaka University

Calculated dose per LFEX shot (500 J/shot)

Sv

1E2

1ES

1E8

1E11 LFEX
Number of beams 2
Shots per day 34
Wavelength 1.05um

1E14 pyise duration 0.5ps-1ps
Energy per beam 1 kJ/beam
Focal spot diameter 220 ym

e Intensity 10% Wiem?

oo, Max dose at
TTC £ 100 mSv
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Activated nucleides

Lasar enargy 200 ] Lasar enargy GO ] Lasar epargy TkJ Lasar emergy 4.5 k]
Lsotopes | Activity, By | Tsotopes | A ctivity, By | Tsotopes | A ctivity, By | Tsotopes | Activity, Hg
WIZEm LAl = IF AlNm 4.00 = 107 AlNm 250 I AlEm 3,40 x 107

AL TIT =107 | WiEIm T3 w TP AR 400w T AR IH = T |

AENm TE = I | AHE TIE I | WiEIm | dr9= I0F | Wikdm | 480 = [
TalE0 LB = 07 Cadl BB = 1P BT L& IF M%_:] 131w T
WIAim LIE = T FhRIT T x 1™ Rgid TETw I 127 T T
Cadl 15 BT TI0 = T [ O TP OlF T = T
[ REI (5] % k] L& = I ThITd BB = 1 TFhITd OAT = IF
[ 1.41 Tal3 L3 = 1F Cadd 7.6 = 17 ARE T.ET w IF_|
S rm ] WIEEm = TF | WISEm | 478« 1P Cadl EE = IF |
|1 ] (L] O1F LH = TIF TalZd I I | WIEEm | 44« IF
Total 410 = IF Ttal BAE 107 Ttal 433 « I Total .00 o 107

Table &. Radiclogical imventary of the ten most important contribators to the

wctivity &t the time i 15 for the TS1 sowrce and for several incident kesor
CTETFics.
Lasar enargy 300 1 Lasar enargy 500 1 Lasar epargy 1kJ Lasar emergy 3.5 k1
Botopes | Activity, By | Istopes | Actovity, By | Isstopes | Acavity, Bg | Isotopes | Actvity, Hg
[ By LEE = 10 i L i 345 = 1 ALNm T = TIF
ABEm | Tidw 10 | AMMm | SyEw 107 | AbMm | LEdx I0F BilT 102 w IF_|
Al 177 = IIE Ltk 1« IIE Ltk TI0 107 Bz T« TF |
|8 ] 415 = 1 AHE LAE 10" ATTE BEET= 1™ AEE LIT = 1P
Rad] LEL = 10F ATTE LE = 10 Fall 45T = 10 Rl 215 = 10
AITE T = IF Fall TEG = ITF WIlTd T« ITF WITd TES = T
[ FRITE LI L WIid I« T | WIthm O« 1F i Em MR L
W LT 400 = T ThITd 43 = I Hi " Em T.rd = 10 Radf T i
Ef7Em | 3.19 = 1 W16 350 = 1F it Tldx UF | Talté | GBS= IF |
15§ [ B = I™ | Gk IE = TF Rk T =T1F B 60T = 10
Total 10« A0 Total L = I Total BB = I Total TS IF

Table & Radiclogical imemtory of the tem most important contribatons to the
activity at the time ¢y = 10s for T2 sowrcs and for several incident lasor enargie.

Dose Problem

Calculated data can allow to calculate the delivered dose.

It can be compared to other measurements (performed by CEA
and CELIA researchers or published in the scientific literature)

PETAL Max dose/shot = 70 rad

70 rad : 3.5 kJ =0.02 rad/J

Conclusions:
Petal experiments do not imply the “nuclearisation” of the facility

below 300 J (TS2) and 1kJ (TS1) for 500fs laser duration.
Conservative assessments spot 30 ym vs. 50 pm (nominal)
Special attention should be made to target design
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The problem of developing diagnostics and
materials which can survive in a «harsh
environment», i.e. which are resistant to high
irradiation doses and very strong EMP, is
common to several branches of physics and
technology:

Inertial Fusion

Magnetic Fusion

Development of advanced fission reactors
Space missions
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Innovative Education & Training in High Power Laser Plasmas

Laser plasma diagnostics - Theory and Experiments

Chapter 11: Shock dynamics and
diagnostics

D. Batani

Bl rasmus+
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11.1 Introduction to diagnostics of shock dynamics

@ Principle of shock generation with lasers and dynamics
of shocks

@ Diagnostics of shocks: SOP and VISAR

@ Diagnostics of shocks: radiography

Laser-solid interaction

Ablation (removal) of material
Formation of a Plasma
Creation of accelerated particles

Emission of radiation
Plasma and material diagnostics
Developing pulsed radiation sources

Redeposition of ablated material on substrates
Thin film production (PLD)

Hot dense Plasmas
Inertial Confinement Fusion

Creation of extreme states of matter:
Compression of matter by shocks
Isochoric heating of matter

WDM: solids at high temperature (0.01<p<100 g/cm3 T. = eV)
3 HED: P>1MBar

Gamma ray. - S * Supernova

0 "burst . L - g i precursors

-

e
B3

i “

i _- Jupiter

2 =
e ——e—

-5 0
Data from R.P. Drake ,“High Energy Density Physics”, ed. Springer.
og plg/cc)

F
|
L
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Astrophysical context

Molecular
hydrogen gas

RN ./
Water S
Towards the Sun

25,600 km

Earth for Magnetical axis
comparison /

Iron and rock
Neptune’s internal structure Magnetic field of Uranus

eMantle of Uranus and Neptune = «hot ices» of H,0, NH3, CH,
¢Intense, assymetrical magnetic field

Existence of a fluid, conducting region ?

Iron EOS by laser-shocks

Very high Pressures (> 10 Mbars)

@ Several experimental points from nuclear

explosions theoretical calculations
Trunin et al., Physics-Uspekihi37, 1123 (1994).

@ Planetology

Rocky cores of giant planets
Impact phenonema (e.g. formation of the earth-moon system)

Impact of “planetesimals” to form earth core

Intermediate pressures (1-5 Mbars)
Fusion point in compressed iron (T~ 6000° K at P~3.3 Mbar)

Important issue for terrestrial planets (earth)
Occurs between outer core (liquid) and inner core (solid)

Brown and McQueen, J. Geophys Res. 91, 7485 (1986)

5 Anderson & Ahrens, J. Geophys Res. 99, 4273 (1994)
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Carbon

1) Transition between solid-insulator to liquid semi-metal in
carbon compressed at megabar pressures by laser driven
shocks

2 ) Melting curve of carbon at Megabar pressures

H00 e e e e e e e e

7'_§'¢:§:{; LIQUID (N = 6-7)

" DIAMOND i Hugoniot p =1.6 glem®
' {

Hugoniot p =1.45 g/cm3

Pressure (Mbar)

LIQUID (N = 3-5)
01
LIQUID (N = 2-3)
(7§ S BT WA EDIEE SDSTEES W
0 10000 20000 30000

Temperature (°K)

Water at very high pressures

0.7 Metallic

0.6 Ab-initio
< Molecular
2 0. .
= dynamics
© simulations
E 0.4
o
203 L
£ Superionic
)

o

C.Cavazzoni et al.,
Science, 283, 44 (1999)

-
]
=3
(3
o
[+]
=

0 0.5 1 1.5 2 2.5 3
Pressure P (Mbar)
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“Extreme” states of matter

WDM: solids at high temperature (0.01<p<100 g/cm3 T, = eV)
HED: P>1MBar

High-energy lasers allow reaching WDM and HED states:
1) By means of laser-driven shock waves
2) By using short laser pulses to heat matter using laser-

generated X-rays, fast electrons, protons, ...
= |ISOCHORIC HEATING OF MATTER

Dimitri Batani «Matter in extreme conditions produced by lasers» Perspective,
Europhysics Letters 114, 65001 (2016)

“Regions” of Laser-produced plasmas

cold solid G —-
shock Expanding plasma
target A
prT !
: p ;
Hot low densit 7L .
plasma : |
Shock | :
Laser . front 1
I_| i Ablation
‘ 1 front
Unperturbed iShocké:d Conducﬁon§ Undereritical ;
solid material region ! region (plasma

corona)

n, (cm?) = 1.1 10" / A? (um)

10
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Challenges of diagnostics for laser-
plasmas

The plasma is small (zm to mm)
=> High spatial resolution (zm to sub-zm)

The plasma lifetime is short (= laser pulse duration)
=> High temporal resolution (fs to ns)

There are several orders of magnutide differences in density
and temperature simultaneously present (n, = 10'7 to 10** ¢em?,
T, = 1eV to 10 keV, or more in the case of “hot electrons”)

=> Need for very large dynamics

=> Need to use different diagnostics approaches and tools
simultaneously

"

From sound waves to shock waves

0 50 100 150 200

12 12

Page | 202



- Erasmus+

LN B & 7 e S P gk
e N oo, 2 (O WoR Q

The “classical” model of laser-plasma
interaction

The temperature at the critical layer is
T.(eV) = 10601 (W/ecm?) A(um)2 )23
The pressure is

15
PenT 10

a

102]

).2

10—6(]LA2)2/3 _ (]LAZ)Z/S

and in practical units

2 213
P(MBar) = 10| 1LV 7 em)

014

A

13

1D hydro simulations (MULTI) CELIAL,

Laser intensity 5 1012 W/cm? (no plasma creation on rear side)
Temporal flat-top Iasgr profile

Q 1 2 3 4 3 6

Density [gricc]
35 - T T 4 T T I | &

15 h
0
‘g.&,_,\; 7
: ‘ \\ _ laser
U | I l ' I | & -

1
-35 -30 -25 -20 -15 -10 -5 0 5 10
Position Imicron!

% |

25 =

Time [ns)

14

Page | 203



N LTS S B2 - - Erasmus+
1D hydro simulations (MULTI) ~CELIA

Laser intensity 5 102 W/cm? (no plasma creation).
Temporal flat-top laser profile

[i] 1 2 3 4 5 6
Densiy [grice]
3 I | n
3= -
25 ! -
Reflected
E? decompression wave
E1s (relaxation)
1
05 — 4
After shock breakout, Shock

target nigves gs a whot wave

trajectory

-15 5 a

PosijgeTmicon)
Shock breakout Unperturbed
15 material
2D simulations:

Interaction of a 6 ym foil Al target with laser radiation with 1 = 3 ns at
800 nm and 5 1012 W/cm?2

{2035 ns t=06ns

- . 20

15 _ [ Unperturbed
E‘ E Material Relaxation front
E Shock front Ablation front é '
£ 10 \ 10
] \ /r 3

5 \‘ ‘ / 5

0 : ; | : o / . \ . E N h

20 -15 -10 5 o 5 10 15 20 -20 -1 -10 5 10 15 20
radial position (micron) radial positipn (micron)
laser Compressed region Plasma corona

16
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We use shock to compress matter and
measure EOS

Conservation laws: Shock front

Mass
poD = p (D-U)

Momentum
p,DU = P-P,

Energy

poD(E-Eo+U%/2) = PU PUPeT PosoTe

3 equations, 5 unkown parameters p, D, U, P, E
Measurement of 2 parameters to get an EOS point.

This point lies on the principal Hugoniot curve (i.e. the ensemble
of all states that can be reached with a single shock)

17
Hugoniot and shock polar curves
p= g F P+ (v = Do
(v =Lp+ v+ Lpo
hugoniqt , _ . [shock polar
49 adiabatic |
o
0 g
: relaxation
isothermal
Compression p /Po Fluid velocity u
Single shock compression cannot exceed a factor 4. The rest of
the work done by pressure goes into heating
18
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Hugoniot and shock polar curves

For a perfct gas the shock polar is

y+1
P=—pu
> P
For most solid material, the hugoniot can be

expressed as a linear relation between D and U

D=c, +Su

where c; is the sound velocity (phase transitions
correspond to changes of the parameters ¢, and
S). Then the shock polar is

P=p.u(c + Su)

19

Passage of the shock between two media

@ From low density to high density

P A ‘ P
3 <=
A Au
A Au (==
X -4
@ From high density to low density
Pa : Pa
i <=
A C
A C |m==p
20 l X x
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Impedance Matching Conditions

P
Interface Shock Dynamics:

Impedance Mismatch
Boundary Conditions c
Fluid velocities U, = Ug

a)

A describes conditions of
shocked material in Al P |——
before the shock reaches the "
interface

B describes the conditions in
Al and C after shock P — A= — = =
transmission

p.UD_(C)

i ]
21 ug v,

Y - Erasmus+

Shock compression (Al)

Relaxation reflected
wave (Al)

Transmitted Shock

The system virtually

relaxes to zero pressure i P
il;ue) ltearget moves as a oL P=py,DJu
It is possible to show ar Relaxation

that if the shock is not I
too strong, the velocity 2
of the “free surface” is

=2u ok

22
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The Hugoniot is a «2-parameters» curve

The Hugoniot curve does NOT represent a transformation on the phase plane
of the material. It is simply the ensemble of the point which can be reached by
(out-of-equilibrium) shock compression.

Therefore (for instance) the final density does not only depend on the applied
pressure but also on the initial state

1 - "Principal" Hugoniot curve of the material

4 4
‘po ,p1 (starting from {Pg,po) at normal conditions)

P

3 : p; — Density reached with a first shock of pressure
12 P,
Py |---mmmmemememememeeeea e S p» — Density reached by applying the pressure P

| along the main Hugoniot, i.e; starting from (Pg,pg)

. 2 - "secondary" Hugoniot curve of the material
! (starting from (P4,p1)

R ps — Density reached by applying the final pressure

P, starting from (P4,p4)

P 4po— compression limit along the main Hugoniot

4p,— compression limit along the secondary
(Pg: po) PP P2 Ps  p  Hugoniot

23

Approximating the isentrope

A series of shock compressions can approximate the isentropic curve as well as

we want...
P
isentropic
(adiabatic)
compression
(P} po) P
24
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Reliable EOS measurements have become
possible in recent years thanks to:

Optical Smoothing (Phase Zone Plates, KPP, ..)

=N

Hot Preheated Material

plEsm / Unperturbed Material
Control of preheating .

Hard X-rays

Shock 26

Control of shock steadiness

lasel

Can we uniformly deposit energy on target in direct drive?

normal smoothed
focal spot focal spot 1
Optical smoothing principle Result on shock breakout
~ 5
LASER s W
><

T><
- ~—
- <
2 ;
Z
%
~— ——
N
@
—_ =
- T

Random Phase Plate d =09 \f/d

&

2D square elements with 0 or mdephasing ]
Kato, PRL (1984) Target :Al, e = 18 yum

27
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Phase Zone Plates (PZP)

Image plane Image plane

L
|

Collection of Fresnel Each Fresnel lens spot Flat Focal Spot
Lenses with Random is imaged in the far-field 250 pm
Phases 0 - © at 440 nm of the principal lens, Spikes due to residual
the laser field time coherence,
Spatial Coherence is broken averaged by

electron thermal transport

Planar Shocks are Produced

Rear Target Emissivity
from a flat Al target
Streak camera image

0.9 ns

No curvature of the shock front
No 2D effects (if target is thin)

0.5 mm 29
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DIAGNOSTICS

WORKING PRINCIPLE OF A STREAK CAMERA

J_L O N trigger

piastre di deflezione
intensita ottiche "o, tenpo
Il Joece (s ) NE
\- J\J\ XK
Spazio tempo
famdtoure fotocatodo sp azio,
= schermo
al fosforo
30

STEPPED TARGETS 0w

CH 10 um f&
Stepped targets = Emlssuvnfy = o—_—
measurement of shock velocity in Al

Capillary

height of the step = 5 ym
Saphire window

s Shock breakout times at the
base and at the top of the step
= shock transit time in the
Aluminum step

s Here, 44 pixels = 470 ps.
s Height of the step = 11 ym
s Shock velocity in Aluminum

D, =11 pm/ 470 ps =234 km.s"'

s Pressure in Aluminium = 9 Mbar
s Pressure in Water = 4.8 Mbar

31
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Relative EOS measurements for lron

P > 10 Mbar
A

IETETEr S B IS

ol saaal gaa

time 20 :__

PENEE S B

[ /e,
0""'-...........AI..A.

1 15 2 25 3 35
QEOS, continuous line;
VOLUME 88, NUMBER 23 PHYSICAIL REVIEW LETTERS 10 June 2002 SESAME, dashed Iine;

Trunin, dotted line.

Laser Phebus

Equation of State Data for Iron at Pressures beyond 10 Mbar
D. Batani,! A. Morelli,! M. Tomasini,! A. Benuzzi-Mounaix,2 F. Philippe,? M. Koenig.2 B. Marchel.* 1. Masclel.?

32 M. Rabec,? Ch. Reverdin.® R. Cauble,* P Celliers. G. Collins,* I.. Da Silva.* T. Hall,’ M. Morel,% B. Sacchi,’
P Baclet,® and B. Cathala®

Carbon targets

Produced at “General Atomics” 9.52 um
Carbon density p = 1.6 gr/cm? i
Aluminum density p =2.7 i
gr/cm? Thickness measured with: | ' ““‘I
profilometer, SEM, FIB

8 um 8 um
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Two steps C / Al target E=108 J

EXP ON PALS LASER, PRA
AND LULI LASER, PARIS

Al step:
t, -t = 205 PS
— N DA = 38.8 km/s

P = 33 Mbar
— t,
C step:
t2 - to =295 PS
D.=32.2 Km/s
P. = 18 Mbar
0.7 mm
34

Experimental results for carbon

] Interpolation
18- —"" D=0+ Pu
16- - P=p,Du
=14
312
= 10
o)
8] N :
] Thermodynamical
6 Limit
41 P =pyu?
2.
04— RS NS ALy B S s s By L L B B B
0 2 4 6 8 10121416 18 20 22 24 26 28 30
U(Km/s) 35
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Carbon EOS: experimental results

14

T T T T
;i s / g
Experimental EOS results 12 i E A0 ST S Ié;k

from shock experiments: SoE 7 /f 7 il
p=351giem” J 2.23 '.-'1.85/ 15

Only data with pressures P = 1.5 Mbar aug 10
corresponding Hugoniot are shown.

8

QOur points:

full squares, 1.45 g/cm? LULL
empty circles, 1.6 g/cm? LULI;
full circles, 1.6 g/cm?3 PALS.

6

Pressure (Mbar

4

Previous points:
empty diamond, 1.85 g/cm? Pavlovskii et al.;,
triangles, 2.2 g/cm? Nellis;
full diamond, 2.23 g/cm3 Paviovskii et al.; .
) 0 o - - -
empty squares, 3.51 g/cm3 (diamond) Paviovski. 5 10 15 20 25
Fluid Velocity (km/s)

D.Batani, H.Nishimura, J.Ullschmied et al. “Hugoniot Data for
Carbon at Megabar Pressures” Physical Review Letters, 92,
065503 (2004)

Laser experiments give the possibility of very high pressures and “Auge” statisti
Carbon more compressible than what predicted by theoretical models

Pirometric temperature Measurement

Need for absolute calibration of diagnostics

_ TARGET

@ Brightenss temperature —> 12 ym Al coated with
Stefan Boltzman’s law = oT* 1000 A Au on laser side

@ Emissivity temperature I1=6 1013 W/em?2

Emission at a given wavelenghth A
Need for relative calibration

@ Spectral temperature
Fit to a blackbody spectrum

@ Color temperature

Emission ratio of in two channels I/ |,
(possibly on the same detector)

In ALL cases: 1) Blackbody hypothesis (i) ~
2) Need to measure reflectivity to get real temperature through
Kirchoff’ s law e(A)/(1-r(2)) = f(A) (as obtained by VISARS)
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Example of emissivity temperature

650 nm filter

— |-

Streak camera
Target Image relaving system
‘We measure:
© The transmission efficency of the image relaying system at 650 nm
© The response of the system (streak camera + CCD) at 650 nm

We can then map the counts on the CCD to the radiance B
nm.
In this way, we can measure a black-body temperature 15, by assuming:

wrger OF the target at 650

Bl‘dr};cl = BPlanck(TBB’650mn)
‘We correct this value for a grey body with the absorption coefficienta=1 - R,
where R is measured at 532 nm (it should be measured at 650 but at 532 we can
use the VISAR)

The measured temperature T comes from Btmget =a(532nm) . B, (T,650nm) 38
VISAR (Velocity Interferometer for Any Reflector)
a ; Lens  Detector
Reflective Exit plate I o _|
surface b _ — Pa——
Etalon (n) QO j—‘
[—‘—’3\3 S | Mi
—_— Irror
Entry pl
v(t) ? try plate
g3 Mach-Zehnder Interferometer
Saphir window
Water —_|| LASER
AR e
Aluminium ~_ | o
=) |
Cell ~dl .

Sum
25um _bi iy

39 sum L
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ETALON

Uses the “swimming pool” effect to
introduce a time delay while
preserving the spatial coherence.
The delay introduced by the etalon is

T=2e/c(n-1/n)

The fringe shift and the measured i Etalon
M 1roir
\\/Zlggg eagfl;ziied through the For fused silica
with 10 mm
_ v W, thickness t = 52
A,(1+06) S psand 8 =
3.15%

Due to Doppler effect one must
consider the dispersion in the etalon You need two VISARs to

n(A)=n(A,)+(dn/dA) ()= 1,) Tesolve the fringe jump !

40

Interpretation of VISAR shift

Reflective Shock Front

Al surface
7 n n, Transparent gz T
e -
u D D >
v' Not-so-compressed: n,U =SF
v Metallized: n,D= SE

v Compressed not metallized: n, D-n(D-U)=S8F

D - shock velocity, ny - refractive index of non-shocked transparent

medium
S - sensitivity of the VISAR, F - shift of the fringes,
41 n - refractive index of shocked transparent medium, U - fluid velocity.
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Detected VISAR signal
& LASER BEAM aLvvinium

STEPPED
TARGET
TRANSPARENT
MEDIUM
* Shock velocity in Al via
E the step size (d,,)
= BREAK OUT
i FROM BASE _ dstep
| Da =
E ¥ At At
\ BREAK OUT
10OUGRHNIG ¢ Velocity of the reflecting surface (D)
‘ via the fringe shift (F) and the
VISAR sensitivity (5):
S
D="_F
n
42 0

Detected VISAR signal

Phase Transition in water at
Mbar pressures

=%}
£
=
i
v
Transparent water Opaque water Reflecting water
P~ 027 = 0.4 [Mbar] P~ 0.6 = 1.0 [Mbar] P~ 1.1 = 3.0 [Mbar]
g P 2+ 2.2 [g/em’] o~ 23+ 27[g/em?] P~ 28T 3.6[g/em’]
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Precompressed targets

LASER
10
P(Mbar) / /
8 e Precompressed
Hugonk':t / /
— Isentro)
pre-compressed 6 i } } /

/
P (g/em3)
- - ) 6

44 VISAR
Optical 2
~
- P
properties
of water
300 um
D. Batani, 2 T T T T
K. Jakubowska, et al., ‘ o |
EPL, 112 (2015) im
36001 15 b— *
.. 3
A
g 1 - | S—
-
0 05 1 15 2 25 3
45 P [Mbar]
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Phase Zone Plates (PZP)

Image plane Image plane

L
|

Collection of Fresnel Each Fresnel lens spot Flat Focal Spot
Lenses with Random is imaged in the far-field 250 pm
Phases 0 - © at 440 nm of the principal lens, Spikes due to residual
the laser field time coherence,
Spatial Coherence is broken averaged by

electron thermal transport
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4.5 A Zeldowich, 1961
——- Gladstone-Dale
4 O exp. (1064 nm)

O exp. (1064 nm, prec)

|_[_|=(\ v J} |
3.5 T
3 } ™ {
2.5 i

p [g/cm’]
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L ™ 1
1.8} == —tpmar—y Aﬁ-?g%:—l
0.8 1.2 1.6 2 24 2.8 3.2
p [g/cm’]
48 T - T E T T
S i ! Opaque
B QMD (532 nm, prec) :
] QMD (1064 nm, prec) :
4 :
: e
3.2 ; o
o
24 o - I .
A =
o |
1.6 O—=¢3 e I
L
Transpare |
0.8 1 : L 1
1.5 2 2.5 3

3.5
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Limits of VISAR and SOP
(Experiment at LIL)

ELIL(3('0) = 9700 J ELIL(3(0) =9900 J

CH Hemisphere
AR @532nm on rear side 500 um diameter

* Blanking of VISAR (and SOP)
* Need to measure density directly

VISAR in inertial fusion

:
100, i
Power "

(TW) [

10 E

1
10 5 10 15 20

Shock timing Adiabat t (ns)

VISAR streak

47
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Examples of results (VISAR - SOP)

0246 81012 02468112 14 6 8 10 12

time (ns) time (ns) time (ns)

Inferred ablation
pressure 120 MBar

.

W
0246 8 1012
time (ns)

“Shock generation comparison with planar and hemispherical targets
in shock ignition relevant experiment” S. D. Baton, et al. PHYSICS OF PLASMAS 24, 092708 (2017)

11.2 Diagnostics with radiography

2D time-resolved X-ray radiography

Using small X-ray source and point-projection

Shocking materials to create WDM and HED states and radiography them by hard x-ray
radiography

Ag/C Time resolved 2D 500

e radiograph
mtelfacel h9 phy

rd

Ccemparison with

Position (microns)

2D hydro 20

simulations !
\ 1 é 100 / . T
Shock o .

0 5 10 15 20 25 30

front Temps {nanosecondes)

Experimental results obtained at LULI (A.Morace et al.). Motion of shock front and material
interface are followed by X-ray {Ka) radiography.
Shock diagnostics at very high pressure when other diagnostics (e.g. VISAR) can be blinded
(e.g. shocks produced in the context of “shock ignition”)

53  EOS experiment (detection of D and U allows to obtain the equation of state of material)
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2D time-resolved X-ray radiography

Using extended X-ray source and imaging system

Ka beam

a — Short Pulse |
r- Target laser beam i
a/ Imaging Plate
AR T bt 200
Spherically bent 1 ,’1 d ;
|
Quartz crystal ’,. X-rays i foil 150 |
Cylinder core: i
CH foams with 30% hv=4.5 keV

mass of Cl doping I
100 N

» Cylindrical compression is visible

® Stagnation time © = 2.5ns and diameter _ ~-4x70J compression energy

: : . s 50 - ——ax48) ]
in fair agreement with predictions from - 4x40J
hydro simulations t A Experimental data
0 ‘ ‘
o 05 1 15 2 25 3
51 Expt performed at RAL At [ns] 51

X-ray transmission FWHM [um

- Erasmus+

2D time-resolved X-ray radiography

Using small X-ray source and point-projection
To self-emission

imaging
backlighter plates
target Y.
Mo _ EE:
100 J- 1
| ps

i
%

E/
#

<

O
£
3
G
5

Shock X

Propagation
irection

L FIG. 2. Radiographs of a shock wave propagating in Al samples taken at
3xI OOJ 2ns 5 5 s () and 8 ns (b) aller the shock driver beams maximum intensity.

"'s
A.Ravasio, M.Koenig, S.Le Pape, A.Benuzzi-Mounaix, H.S.Park, C.Cecchetti, P.Patel, A.Schiavi, N.Ozaki,
A.Mackinnon, B.Loupias, D.Batani, T.Boehly, M.Borghesi, R.Dezulian, E.Henry, M.Notley,
S.Bandyopadhyay, R.Clarke, and T.Vinci «Hard x-ray radiography for density measurement in shock

52 compressed mattern PHYSICS OF PLASMAS 15, 060701 020080
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1D radiography with ns beam

GEKKO 2w beam X 3

X ray radiography for H ==

time-resolved imagingof
shock propagation
Laser GEKKO
Osaka Univ

Shock produced inside
Beryllium target (100 um)

Ti foil used as X-ray
backlighter

beam ~30 %
Image is time resolved by an
X-ray streak camera coupled

to a pin-hole
54

Transmission rate of Ti backlighter

Streak 1
(Self-emission)

Ti backlighter

[¢—100 pm

Backlighter beam
(Ti Ka)

Streak2
4 (Radiography)

<

1D radiography with ns beam

Intensity [arb. unit] Be target region

CR4UO DDLU 100 um
00080000080 | !
68883888030 —p
\
A
4 1st shoek
front
i .

3 spots of
backlighter
beams

Spatial g - /JA\\
backlighter § / \
&8 proﬁle ol _,A;\;—’./ i \Y\.au
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Radiography image
(raw)

The knowledge of the
spatial and temporal
profiles of the X-ray
backlighting source
allow for image
deconvolution
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1D radiography with ns beam

The image is normalized using spatial and temporal profiles of backlighter emission.
Be target region Be target region

Radiography image (raw) ~ '%°#™  normalized radiography Bpm

3 spots of
backlighter

beams
~9

Average shock speed 19 km/s in agreement with hydro simulations

56

X-ray radiography at LULI

2D time-resolved radiography with ps beam
Shock dynamics & Density

K-a X-ray source

(V wire target) Backlighter

Short pulse
(2w, 1ps, 22J)
Target:
250 pm Si0,, 15 Driver beam
pm Mo, 20 gm (%m, 21.1s)
CH, CH cylinder Gaussian spot
of 500 zm 400 microns
diameter and 250 i diameter, ?09.]
height (laser side). : 10 W/em?
e
IP (imaging plate)

L. Antonelli, et al. «Laser-driven shock waves
studied by X-ray radiography» PRE 95, 063205

57 (2017) Radiography 4.7ns after shock creatio
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Conventional treatment: Abel inversion

Problems:
. - Very noisy
- Does not take into
account source size

Direct Abel inversion Filtered
"ﬁ 3.96

3.52
3.08 30 P —
—— Abel inversion filtered
2.64 25 — DUED density
2202
n} . 20
S £
176 § <
215
1.32 a
a
0.88 Lo
0.44 05
0.00 o0
Z [cm] Z [em] 0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

Z[cm]

58

Synthetic radiography

b)

©
N

R [cm]
o
oL,
Transmission

o°
n

: i 0.01
Z [cm] Z [cm]

0.00

L.Antonelli, et al., « Laser-driven shock waves studied by x-
ray radiography » PHYSICAL REVIEW E 95(6) - June 2017

59

Page | 226




ke o0 (@ W @ X - Erasmus+

Cylindrical
Target,
t=4.7 ns

60

— Synthetic radiography
55 ||} { Experimental data

50

§45

940

; MWW'JW«

20

15
0.000 0.002 0.004 0.006 0.008 0.010
Z[cm]

Limitations
of X-ray
radiography

Development
of X-ray
Phase
Contrast
Imaging
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X-ray Sample
source n=1-&if

O===— [-)----"--- A -

[3 : absorption o : phase shift

Intensity
X X X
A A A
) |
A ! ]
&S ‘ &
<& ' &
& ! QF
@ [
/s
)
s
10 .
.
» »
] YZ

61

Developing diagnostics: phase contrast

Static objects test:
Nylon wires

Phase contrast with
a single shot (Phelix)

L«wwww Yo

onstance (poeis)
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EXPERIMENT FROM PHELIX

Dynamic
test:

E.ot =30 +
30J

t=4 ns
Imaging
Plate

t=10ns
X-ray CCD
PMMA target

Gray Value

63

0 150
Distance (pixels)
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Absorption measurements

Measuring K-edge shift in shock-compressed materials

main laser drive beam plastic fuluminium fplastic
X-ray dispersing crystal sandwich 1arget

backlighting sau

main Iaser drive bea T /\

CCD camers

duive beam focal spot density ¥
! (grec)
N and I
. f =
shocked abzorption spectrum temperature =
eV} density z
: e
unshocked absorption spectnum el
{ £
10 @
@\ P fremperanize
i
3 05 10 15 20
backlighting pulse 1 12 1.4 16 LB 2
time {nsec) —m- compression

T.A Hall, J.Al-Kuzee, A.Benuzzi, M.Koenig, J.Krishnan, N.Grandjouan, D. Batani, S. Bossi and S.
Nicolella «<Experimental observation of the shift and width of the aluminium K absorption edge
in laser shock-compressed plasmas» Europhys. Lett., 41 (5), pp. 495-500 (1998)

Absorption measurements

Measuring K-edge shift in shock-compressed materials —
ugoniot

2.5 —— Reshock states
& Benuzzi (Reshock)
[— Colliding Shock states

Heating pulse Backlighter (Dy} ——3.20ns 26 all (Goliding Shock}
8X260J,1ns 80J 130ps 5r —295ms ® This work (Colliding Shock)
f(‘a\ ,\ 2651 @ 157 © This work (Unloading)
.‘T/ \ !,' ‘ 4 A ——215ns 2
- \ 3 | —God T
1 s
i ! L z 3 .
I{ | / \\ /‘ Sample target é 4 051
’ Ablator(20pm CH 8
' | CH/AKCH r2um £ g 2—7% : 1 00
Alfilter Diffraction .
ey al Ablator(20pm CIT) 1 { i 2L
f | ®) |
X-ray film II Il o) . -4 -—=—Hugoniot B
1555 1560 1565 A Exp. DaSilva (Hugoniot)

ShiftjeV)

—=—Reshock
[ # Exp. Benuzzi (Reshock)
@ —=—Colliiing shock

.| 8 Exp. Hall {Colliding shock)
®  Exp. This work (Colliding shock)
0 Exp. This work (Unloading)
=10t L L L i E|
3 4 5 6

Density {glcc)

Sample Phaton Energy (eV)

Yang Zhao, Zhiyu Zhang, Bo Qing, Jiamin Yang, Jivan Zhang, Minxi Wei, Guohong Yang, Tianming Song,

Gang Xiong, Min Lv, Zhimin Hu, Bo Deng, Xin Hu, Wenhai Zhang, Wanli Shang, Lifei Hou, Huabing Du,

Xiayu Zhan and Ruizhen Yu «K-Shell Photoabsorption Edge of Strongly Coupled Aluminum Driven by
67 Laser-Converted Radiation» EPL 2017
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11.4 Conclusions

@ High Energy Density Physics is a growing field at the crossing
of plasma physics, material science, astrophysics, inertial
fusion

@ High-energy ns-lasers are an important tool in HED physics,
expecially if coupled to PW systems

X-ray diagnostics are essential to HED

A large effort for development of diagnostics is going on

68
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Laser plasma diagnostics - Theory and Experiments

EXP 1: Charged particle detectors:Time-of-

flight technique
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1 Physical principle

Physical principle: particle acceleration

_ e

(L)
. . ;-l we® st e
2 o o%0® !.; .
Sramtee -
.'_-' c.. . -.: e 0 0 . .
> ‘n_' S e 0.8 0 e®
L2 I
EY ¥
MY
t = tg +6
® 'd.-u;:"-'
‘. '.."-rl°..'-
v""' ....v .I--l. .
¢ o s o-
.
e 0 .o : . R
¢ L] . .
. b . (]
.,
PRL RS ...=

+ The kinetic energy of the particles is given by:

2
_Mplp

E, 5

CLPU

Physical principle: signal detection

electrons TOF
detector

. ge a-='v\:".

R LI I

RCRPAIE S T
l‘-

L Pl

e e e e
*e

ot ues o8 : --a‘ XN . L .:' e .ty
> -:"-"-'l LIRT N L drlﬂlen . 'cl-.... )

Y NI S
2, g oy IR )

o
s @ efe®

wpo f\ ! ‘ X-rays
o} ‘\ x-rays & electrons
|

" | ‘. .
| ions
2 Digital adquisition
2 .l system
ar | | k

time [s] 1078
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2 Types of detectors
Type of detectors: PIN diode

& o

Q

» Semiconductor based detector

8y G0%
oY e @_]
95 oop Glege % 208
P-type I-layer N-type P-type I-layer N-type
| I
_|I+ -|I+
radiation &
charged particles .
% % reversed bias
o, | eS8 =
© @ée =)
o I-layer N-type |
9
o o
I
O D -||+ © E)
Type of detectors: PIN diode
+  Semiconductor based detector: |-layer importance
radiation & o
radiation &

charged particles

o

C =
]

P-type N-type

radiation &
charged particles

O

@)
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* Quantum efficiency enhacement

+ Faster response: no minority carriers
current

* ns resolution
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Type of detectors: Diamond detector

* Chemical vapor deposition technique (CVD): low cost diamond sheets of
higher purity and controlled characteristics

+ Temporal properties:

o Highest e/hole mobilities & high electrical resistivity - high drift velocities
o Low dielectric constant, low capacitance - less noise in the measure

_ kepd
‘T4
o Where k is the relative permittivity of the dielectric, g, is the vacuum

permittivity (8.854E-12 F/m), A is the area of the plates and d the
separation between them

* Tens of picoseconds resolution
+ Mechanical hardness & thermal conductivity = high ion fluxes
* High band gap (5.45 eV), good insulator 2 no PN junction is needed

* Verv hiah radiation hardness (1 MGv)

Type of detectors: Diamond detector

* Detectors principle: creation on e-fhole pairs due to radiation and charged
particle impact

+ Diamond sample metalized on both side (Al, Au,...} and 20 ym to 500 ym
diamond sample - parallel capacitor scheme. Generated charges are
atracted to the electrodes

diamond sample °"&™" amplifier
radiation & >
charged particles
electrodes 1 l A/ - L
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Type of detectors: Micro-channel plate

+ Array of miniature electron multipliers oriented parallel to one another
+ Parallel electric connections: metallic coating, electrodes

+ Electron multiplication factors of 104 — 107 (Thorium or Barium)

» Time resolution of hundreds of ps

» Characteristics: shape and open area ratio (OAR) 60% - 80%

Y 4
continuousdynode/
channel

Type of detectors: Micro-channel plate

CLPU

+ Bias angle a = 5° - 15° to optimize detection efficiency and prevent incident
particles from passing through

g+

+ Gain of the MCP where G is the gain factor (characteristic of the material) and
B the length to diameter relation of each channel (40 - 60)

108
p=80
— G- [ [ p=s0
g=e B s Pe /
! B=5[/ /
= o] | /
B — £ F] ' ;5:{10 ; / | |
d A
2
/ /
102
0.6 o8 1.0 1.2 1.4
APPLIED VOLTAGE (kV) } CLPU

Hamamatsu MCP assembly Technical information
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Type of detectors: Micro-channel plate
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« When the gain increases to a certain level, self-generated noises caused by
ion feedback effects become a problem

+ To minimize this phenomenon two (chevron) or three (z-stack) MCP stages
are stacked together

+ The first MCP stage is polarized with an increasing (e- & UV) or decreasing
(ions & UV) voltage depending on the charge of the particles that want to be
detected

rucomoms

108 T ‘ T

—
/\ T /H/ Electron/Negative lon/UV
i/

[\ T THREE v,

ground

. " | . —~| /| sraGe m
: MCP | % /%
T

v, 3000V

108 f
\ = S A 3050V to 3500V
A\
] TWO-STAGE MCP|
5

GAIN

Positive lon/UV Photon

m v, 3000V

104
} [ 7 v, ground
-

! SINGLE-STAGE MCP Ve 50V t2 500V
I

1.0 20 3.0

—_||

;

APPLIED VOLTAGE (k¥)

CLPU
Hamamatsu MCP assembly Technical information

3 Experimental set-up

Experimental setup

+ Acceleration mechanism (TNSA, Coulomb explosion,...) > detector’s location

+ Effective detection area vs. cone of emission - solid angle -

Filter (Al, Cu, mylar,..)

+ Temporal resolution of the measure
max.energy = E, energy increment — AE E, =E, +4F

At } ™ x ( 1 L)sae
resolution — |5 “ATOF "\ —— —] Z Blsystem
2 vE2 Ei

Detector filter

TOF Detector

TOF length

CLPU
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Experimental setup: working around the system resolution

Max. measurable energy (AE=0.1 MeV) - TOF length

variation
Atsystem = 0.2 s 0
9
8
7
. —_—
TOF length variation g —E [MeV]-05 m
A —E [MeV]-0.6m
3 ~E [MeV]-1.0m
2 —E [MeV]-1.5m
1
0
0 5 10 15
Energy [MeV]
Max. measurable energy (TOF length=1.00 m} - AE variation
20
15 s
* AE variation -E-10 - E [MeV] - 0.005 MeV
-] ~E [MeV] - 0.10 Mev

E [MeV] - 0.20 MeV
~E [MeV] - 0.50 MeY

0 10 20 30 .
Energy [MeV] €LPU

4 Data analysis

Data analysis procedure

= Deconvolution of output signal knowing the detectors response function:
H(t)

: \\ . o

na
T e w || V() = V() < HQ | 0

_______ —
0.4
02
V() -
0E u]
0 20 40 B0 =]
0.E
04
02
0
0z

CLPU
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Data analysis procedure

» Obtention of the derivative of the charge in each interval:

ag(e) V(t) . dQ _dg@ dt —vs.E
dt Royrpursysrem ~ AE  dt dE

2
. My Xigr 1
X axis E(t)—Tt—z Qus_E

V vs. time «10% Q vs Energy

Yaxis I(t) =

w
(4]
T

Voltage [V]
i
Charge [C]
[ I

o

al
1l
Al N\
0 0 . . AY
0.8 1 1.2 1.4 1.6 0.2 0.4 0.6 0.8 1 12
Time [s] %107 Energy [MeV]

CLPU

Data analysis procedure

« Distribution of the detected particles F(E):

Calibration function
F(E) = Z_Q .C(E) | «, toobtain a spectrum

E
| Fe) = Q- c() |
4 Spectrum MeV
;%10 . Q‘vs Enerqy 14000 pectr .
6l 12000
5 = 10000 -
o >
a4r 1 L 8000 -
2 cE = ’U"\\V
23t i T 4 s000"
& Z
2t . © 4000+ \
1 h 1 2000 - ]
0 | | ‘ A 0 . . A
0.2 0.4 0.6 0.8 1 1.2 0.2 04 06 0.8 1
Energy [MeV] Energy [MeV]

CLPU
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5 Detector characterization

Detector characterization: response & calibration functions

* Response function: output signal when an impulse input signal is
introduced to the system

e PN ists w0 MO wxponumin aveny rosponse
0b
0.4
?() 3
06 . o
i 0
14
= 0 15 20
703 Fion [re]
02
07
ok : =0
-20 10 0 0 20 = Pt
Time [ne] ;. —
. . . G 04
+ Single alpha particle impact.
[
« UV fspulses
ks 2 1 i 0
e e
cLPU

Detector characterization: response & calibration functions

« Calibration function: charge deposited in the detector as a function of the
particle energy

o PIN diodes: linear behaviour can be considered. Calibrations in
literature are mostly done for x-rays but can be used as a first
aproximation for charged particles

o Diamond detector: energy dependent calibration functions

10 Cenbraten funcaon [pracons) - Dhamond detaccer

CLPU
Claudio Vierona - Universily of Rome
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Detector characterization: response & calibration functions

« Calibration function: charge deposited in the detector as a function of the
particle energy

o Micro-channel plate (MCP) can be proportionally calibrated by installing
it as a detector in a Thomson parabola spectrometer. Same material
and bias angle

\\\\\V////A\\\\\ oréﬁgsghor \\\\\V////A\\\\\ Current
W \/\ discharge circuit
\/\ —-_

CLPU

Detector characterization: response & calibration functions

™

Electric
plates

lj Pinhole

Magnets

Lanex
or phosphor

counts

particles

eflection

Proton energy

vetic d

e —

F
[T

—

r— —
) |

Electric deflection

€LPU
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6 Time of flight at CLPU

Time-of-flight at CLPU

+ Long focalization in gas jet targets — November 2017

VEGA 2 (200 TW) was focused by a F/13 parabolic mirror on a gas-jet
placed at 30 cm far from the TCC. Two PIN diodes were located at 130.7 cm
and 135.7 cm. Max. energies of 2.5 MeV

— PIN diode A
W ’ ' ' '
% Energy spectrum E1
|
K| 1 TOF PINDIODE
_— A&B
= = 275 keV
2 ek
2 \
© \
A »
4 N 4
r"\ 0.2T £ 0.6T MAGNETS
2 i ) =\ e
- o »----———— S
05 1 15 2 25 3 35 ¢ \ N .
Energy E1 (MeV) GA:‘"“NH LANEX ?cu::;:‘u(m'
<10 PIN diode B BETATRON . XRAY CCD CAMERA
s ]
al Energy spectrum E1 ] E} 8 e
o\
K FILTER STACKS
Cutol
& w0t 590 kev
: \
S 5 I
9 ¢l ] ELiCTnounucE/
a} | |
| I~
2f 't \ ]
J
% ol‘ 1 15 \2» 28 3 38 4 y CLPU
Energy E1 (MeV) 3
Marine Huault - CLPU
Time-of-flight at CLPU

+ Short focalization in solid targets — February 2018

VEGA 2 was focused by a F/4 gold coated parabolic mirror on a 5 uym thick

Al foil with an angle of 10 degrees with respect to the normal of the foil. Max.
energies of around 7 MeV

Energy spectrum

3,
e

dN/dE [MeV'1]
3

L
7
% X RAY IMAGING

RCF STACK .- [ k8| I

05 1 15 2 25 3 35 4 45 5 55 6

Energy [MeV]
< Energy spectrum
10 FRONT-SIDE DIAGNOSTIC
I J I TOF PINDIODE
~
preds
3 10°F
2
S
%1!] F
TOF MCP
104 *
10°
. . . s < CLPU
o 1 2 3 4 4 L r
Enargy [MeV]
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Time-of-flight at CLPU

* lon stopping power measurements in moderately coupled and degenerate
plasma target: characterization of the proton source — May 2018

VEGA 2 {200 TW) was focused by a F/13 parabelic mirror on a 6 pm Al solid
target. TOF diagnostics were installed in the perpendicular trajectory with the
help of a vacuum interface

VACUUM INTERFACE

—/

SOUID TARGET

TOF MCP

TOF PIN diode

CLPU

Time-of-flight at CLPU

MCP - Spectrums - 20180523

104 Peak A ~ 1.12 MeV and Peak B ~ 1.23 MeV
107
—035
g~ 038
037
—038 - . .
o + Statistical analysis
7- 042
--043
Te [T E_mean Sigma E_max dN/dE_peak E_peak
3 o 1.12 0.276 1.39  6.28E+04 110
= 5L -o47
w 048
= 4k -049
= -0s0
-051
3 052
2k
A
— A X .
04 0.6 1 1.2 14 1.6
Energy [MeV]
PINDICDE - Spectrums - 20180523
10 %104 Peak A ~ 1.12 MoV and Peak B ~ 1.23 MeV
e
o017
8 018
018
8 020
—023
L 025
’ - -030
— 032
hl:
]
= 5l
w
=
E
al
2
o,
1+ et
T _‘,i- - pd
= CLPU

04 06 08
Energy [MeV]
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7 Conclusions & bibliography

The time-of-flight (TOF) technique has been used to characterize charged
particle bunches for more than a decade > what is new?

» TOF technique has considerably gain importance due to the rise of high
repetition rate (HRR) facilities capable of producing ion bunches at 1 —
10 Hz rates

* Development of new solid state detectors almost immune to
electromagnetic pulses (EMP)

« TOF has become a fundamental tool for online single-beam
characterization at HRR, allowing to perform statistical measurements
of laser-accelerated ion beams that inherently present shot-to-shot
variations
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1 Time of flight spectrometry

Schemes can be very different depending on:

e Particle charge

e Mass

e Energy spectrum

e Beam characteristics

Typical situations: time resolved spectroscopy

MCP detector

Intensity (a.u.)

mass species

20 30
t.o.f. (us)

The simplest and most robust technique is Time of flight

Time of flight

WHAT WE OBTAIN:

Grounded 10
d ( (L . .
e g (r)= lT‘ Time of flight spectrum
at

Collector

WHAT WE WANT IS THE ENRGY SPECTRUM

—> dQ dQ dt
Tothe EEA g(E)__ =k

chamber _dE o dt dE
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2 Beam deflection spectrometry

Electrostatic deflection

PARTICLES ELECTRIC FIELD ZONE

MAXIMUM ENERGY
ALLOWED TRAJ
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Spherical sector analyzers

Advantages:

e high energy resolution
e with TOF attached can measure spectra of each charge species

Drawbacks:

e Fixed axis of measurement and very low solid angle
e Only for low energy particles (<1MeV)
¢ No full spectrum per shot

Electrostatic deflection

Spherical sector analyzers

10° W/cm?2

-
3
<
2
2]
c
8
£

Energy (eV)

Page | 249



“ Erasmus+

Magnetic deflection

Magnetic sector analyzers

PARTICLES MAGNETIC FIELD ZONE

EVERY TYPE OF SPECTROMETER HAS:

COLLIMATING ELEMENT (AT LEAST ONE)
DEFLECTOR FIELD ZONE
SHIELDINGS

PARTICLE DETECTOR

~a
_—
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3 Thomson parabola

IN HIGH INTENSITY LASER-PLASMA PHYSICS:

WE MIX MAGNETIC AND ELECTRIC DEFLECTION
TAKE ADVANTAGE OF MAGNETIC FIELD:

MAIN DEFLECTION IS MAGNETIC

THICK SHIELDING

HIGH SENSITIVITY AND SURFACE DETECTORS

THOMSON PARABOLA IS THE MOST STANDARD NON TOF SPECTROMETER
IN HIGH ENERGY BEAMS

PARTICLES
DIPOLE MAGNET
ELECTRIC FIELD PLATES

THOMSON PARABOLA

PARTICLES
DETECTOR

FIELDS CAN BE APPLIED AT ANY ORDER
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DETECTOR

PARTICLES

FIELDS CAN BE APPLIED AT ANY ORDER

MAGNETIC AND ELECTRIC DEFLECTIONS ARE
ORTHOGONAL

PARTICLES

MAGNETIC FIELD ZONE

THE DETECTOR MUST OFFER 2D INFORMATION CAN BE PASSIVE OR
ACTIVE, ONLINE OR NOT DOESN'T NEED TO BE FAST
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magnetic field deflection magnetic field deflection

Physics of Plasmas 20(11):113105

THOMSON PARABOLA

CLPU THOMSON PARABOLA MODEL

MCP/IP HOLDER
TEFLON/LEAD

SHIELDING
(0.5 cm lead)

PINHOLE
HOLDERS

SHV COAXIAL
CONNECTORS
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0.2 T MAGNET
HOLDER

MCP PLATES

ALUMINUM
PLATES
(E FIELD)

THOMSON PARABOLA 2 cm copper shielding

2 mm thick
plate

PINHOLE HOLDER

200 microns
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DIPOLE MAGNET
AND PLATES

ELECTRIC PLATES

TEFLON PLATE

HOLDER
ELECTRIC PLATES

IRON YOKE

MAGNETS

MCP DETECTOR
HOLDER DETAIL
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PHOTOS

TRACES ANALISYS

OLLISION CUTOFFS

PART OF THE SPOT REFLECTED IN THE LEFT

/ PLATE

= "% XRAY SPOT (NON DEFLECTION AXIS)
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TRACES ANALISYS

ENERGY (Me¥)

o

-
2

POSITION (mm)

VERTICAL COORDINATE IN SCREN

TRACES ANALISYS

FOR SIMPLE CASES ANALYTICAL CALCULATIONS ARE EASY

_q-E-Len-D

X
2- Ekin

Q=Z*ge (charge)
M=mass
Ekin=Kinetic energy (J)

E= electric field modulus (V/m) Len= bOt_h field_s length
B=magnetic field modulus (T) D=free flight distance (from fields to detector)
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WHEN SIMPLE CASE CONDITIONS ARE NOT FULLFILLED (ALLWAYS)

o REAL FIELDS (NON UNIFORM)
o REAL BEAMS (WITH DIVERGENCE)

Hi

PARTICLE TRACING SIMULATIONS

NUMERICAL SOLUTIONS OF EQUATIONS OF MECHANICS ARE NECESSARY:
1.- INITIAL POSITION

2.- INITIAL VELOCITIES
3.- 3D MAPS OF THE FIELDS

r(t + At) = 2r(t) — r(t — At) + At?a(t)
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MAIN SOURCES OF ERROR :

FUNDAMENTAL DISPERSION RELATION ERROR

BEAM DIVERGENCE
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TWO CASES OF DIVERGENCE:

.08,

200 um
PINHOLE

0.050 - 0025 - Q.00 - 0015 - 0000 - 0005 0000 QU005

MAIN SOURCES OF ERROR :

MISALIGNMENT : PARTICLES ENTERING OUT OF AXIS

Q

“ Erasmus+

400 pm
PINHOLE

0.050 - 5
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CASE OF MISALIGNMENT

CASE OF MISALIGNMENT
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CASE OF MISALIGNMENT

‘samEmisnafmnnn

WE INTRODUCE A MISALIGNMENT ON THE
SIMULATION PARTICLE BEAM AND TEST IF THE
SIMULATION REPRODUCES THE TRACES FOR:
ALL THE SPECIES AT ALL THE VOLTAGES
APPLIED.
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CASE OF MISALIGNMENT

CASE OF MISALIGNMENT

Page | 263



] niversité @ ) R v L2
A A 2 - Erasmus+

THINGS TO REMEMBER ABOUT THOMSON PARABOLA

THEY ARE DEFLECTION SPECTROMETERS WHICH COMBINE MAGNETIC
AND ELECTRIC FIELDS.

THEY ARE SUITABLE FOR , POSITIVE AND
NEGATIVE SPECIES. BUT MUST BE GEOMETRICALLY OPTIMIZED FOR THE
RANGE OF INTEREST

THEY ALWAYS PRESENT A IN DETECTION BECAUSE
OF PARTICLE COLLISION WITH ELECTRIC PLATES. THIS CAN BE OPTIMIZED
BUT NOT COMPLETELY AVIODED.

AS IN ALL TYPE OF SPECTROMETERS.... ENERGY RESOLUTION DECREASES
WITH ENERGY, AND SIGNAL INTENSITY INCREASES. BOTH BECAUSE OF THE
SAME REASON: THE BANDWIDTH PER PIXEL INCREASES WITH ENERGY.

AE
Apixel
MAIN PARAMETERS OF THOMSON PARABOLA

E

PARAMETER YOU'D BETTER...

Fields intensity
(3d map)

Fields distance
(3d map)

Pinhole-detector
distance

Pinhole diameter

Source-pinhole
distance
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PART A DIAGNOSTICS FOR TW LASER SYSTEM

Description of the Zeus Laser System at IPPL

The Zeus laser system (Pulsar from Amplitude Technologies) at IPPL is a compact
femtosecond laser source providing more than 1 J pulse energy at a 10 Hz repetition
rate. The pulse length is about 25 fs and leads to a peak power higher than 40 TW.

Chirped pulse amplification (CPA)

The system is a Titanium-Sapphire laser based on the so-called "Chirped Pulse
Amplification” (CPA) technique. The system amplifies pulses from a Ti:Sapphire
Oscillator and consists of a booster, a stretcher, a regenerative amplifier, 10 Hz
multi-pass amplifiers with respective pump lasers, vacuum and air compressors.The
CPA technique consists of temporal stretching of the ultra short pulse delivered by an
oscillator (by a factor of 1000 to 10000), in order to safely amplify the pulses in solid
state materials. Stretching produces a “chirped” pulse. After amplification, the laser
pulse is temporally compressed back to duration as close as possible to its initial value.
After the compression stage, one should obtain in principle a high intensity ultra-short

1
|| H ’m’

\I" I Compressor ;g».qj"l" \

VYV

Oscillator ng,ﬂiwm;\ﬂ;w— Stretcher uwf .'| II"‘Lhrwf Ampllfler ..__/\‘

Figure 1.1: Chirped pulse amplification prlnciple.

pulse free of chirp (see Figure 1.1).

Stretching and compression are usually achieved by means of dispersive systems
such as gratings or prisms. The principle is to create different optical paths for each
wavelength of the spectrum. Figure 1.2 shows a typical Stretcher design using two
gratings and a telescope system. As shown in this Figure, the Blue path is longer
than the Red one. Therefore, Blue wavelengths take more time to travel through the
system than Red ones.

D<0

Grating 1 ,

aat"

Grating ,

Imaging

device

Grating 2 ’

1.2: Stretcher principle.
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Once stretched, the pulse can be amplified in several amplification stages, using
regenerative and/or single-/multi-pass amplifiers. At the output of the amplifying
system, the energy does not depend on the input pulse duration delivered by the
oscillator. The limit comes from possible damage that could be caused to the
amplifying material. The amplified pulse energy which can be reached without damage
is higher if the stretched pulse is longer.

HELLENIC & D) SUaN G vnvensiny
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After amplification the pulse must be compressed. A Compressor device based on a
wavelength dispersion system similar to the Stretcher (see Figure 1.3). This
Compressor is theoretically able to compensate for any stretching introduced into
the pulse, but the gratings need to be perfectly aligned. Particularly, the incident angle
onto the compressor has to be finely adjusted in order to compensate for the stretcher

Grating 1

Mirror \

Figure 1.3: Pulse compressor principle.

Grating 2

and the dispersion effects through the amplifier.

Oscillator

The Oscillator Femtosecond seed pulses for the CPA amplifier are provided by a laser
oscillator. The femtosecond laser oscillator has four major components: the gain
material, the pump laser, the feedback mirrors that form an optical resonant cavity, and
the dispersion compensation optics. Femtosecond pulses from the oscillator cavity are
generated by a mechanism called mode locking. To generate 10 fs pulses, the phases of
N=10° modes must be the same.

Contrast Ratio Booster

In order to improve contrast ratio, an optional module is available. This module consists
of a compact multipass amplifier to amplify the oscillator output up to the microjoule
level. The pulse is then cleaned by a saturable absorber that removes residual ASE
(Amplified Spontaneous Emission) background of the oscillator pulses before seeding.
This module also contains an electro-optical device, the pulse picker, which creates a
10 Hz pulse train from the 80 MHz oscillator pulse train.
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Regenerative amplifier

The first amplification stage consists of a regenerative amplifier producing around 1mJ
stretched pulses at 10Hz. It includes two Pockels cells: one is used to seed the stretched
pulse into the regenerative cavity and the other dumps out the pulse at the maximum
energy level. High power multipass amplifiers use only flat mirrors and do not
affect the beam quality. An electronic module is installed to synchronize and switch
the different Pockels cells involved in the system.

Multi-pass amplifiers

The high-power amplification delivered by the system is delivered by multi-pass
amplifiers. The Nd:YAG CFR200 laser produces the gain in the first multi-pass
amplifier (called Pre-amplifier). The second multi-pass amplifier is pumped by 1.2 J
@ 532 nm delivered by one PropulseNd:YAG laser The main amplifier is pumped by

5 Jdelivered by 2 Propulse+ Nd:YAG lasers. Due to the high average power of the
pump beams a cryogenically cooled Ti:Sapphire mount is used in the main multi-pass
amplifier.

Acousto-Optic Programmable Modulators

For short pulse (<30 fs) requirements, an optional Acousto-Optic Programmable
Dispersive Filter (AOPDF) named Dazzler is added, right after the pulse stretcher. For
standard laser systems, the Dazzler is used as a phase modulator to pre-compensate
dispersion and phase distortions introduced throughout the laser system, but also as
an amplitude modulator to optimize the laser output spectrum. In the Pulsar, the
problems of phase compensation and amplitude modulation are totally de-correlated.
The Dazzler would only be used for phase spectrum control, while another similar
device, the Acousto-optic Programmable Gain Filter (AOPGF) Mazzler, would be used
to optimize the amplitude spectrum. This allows decreasing the pulse duration to less
than 25 fs.
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PFockels cell

~ " Ti:5a
L 1 T" -I[
N

Acousto-Optic Programmable Gain Control Filter (AOPGCF)

Compressor

(main beam)
Booster

Lszictor

Syreriy periscope

CFRE Ultra

Regen + ampli | CFR 200 Ampli 2 Ampli 3 Compressor

Figure 1.5: Schematic layout of the 40TW laser system arrangement
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Important precautions!
1) Make sure you wear the laser safety goggles when the laser is
on.
2) Remove any reflective items like watches, rings, etc.
3) Never look at the height level of the beam propagation.
4) Always follow the instructions that will be given to you by the

lab staff.
At the start of the session you will be asked to sign a declaration confirming that the
above-mentioned instructions have been transmitted to you verbally by your tutor, and
that you undertake to follow them to the letter.

or »
epLoon

esoen

= +
e

MasterPuls

Figure 1.5. Screen capture of the main panels for controlling and monitoring the laser system.

The operation of the laser system is mainly realized from a terminal computer that
controls and monitors several parts of the laser system (Figure 1.5). The spectrum and
the beam quality are monitored at several stages of the laser system. The main
controls are at two panels.
» GenPulse panel communicates with the Gepulse device that
e controls the high voltage and the trigger of the 4 Pockels Cells (Pockels) at the
Booster and Regenerative Amplifier (Regen)
e controls the shutter for the seed beam and for the cavity of the Regen, as well
as the shutter output of Amplifier-1 (Amplil)
e controls the trigger signals for the acousto-optic modulators, Dazzler and
Mazzler
e controls the single-shot/burst-mode/frequency-divider shutter
e generates the 10Hz clock signal, from the division of the Oscillator’s pulse train
(RF), that is used for all the synchronizations.
e supply power to several photodiodes of the system
» MasterPulse panel communicates with the MasterPulse device that
e controls the trigger signals of the flashlamps and the Pockels for all the pump
laser, as well as their shutters.
e generates self-clock from the RF signal and the 10Hz trigger from GenPulse to
eliminate synchronization jitter
e controls the trigger signals for all the cameras of the system.
e receives external interlocks from the Cryostat system and the Vacuum
Compressor and checks consistency of the RF signal, to disable channels in
case of fault.
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laser, the Attenuator (Atten) of the last amplifier output (Ampli3), the vacuum and the
motorized stages at the Vacuum Compressor chamber.

Laser Diagnostics of Zeus Laser System

For the operation of the ZEUS Laser System there are several checkpoints before the

final exit of the beam to the experiment. More than ten cameras are used to record the

position and the profile of the beam at several points of the beam path, as also of the

pump beams.

e The first check is the output power of the oscillator. If the power is less than
expected a cleaning of the Ti:Sa crystal usually improve it, or may needed the
reposition of the crystal due to local burn spot or slight alignment of the cavity.

e A fast photodiode and oscilloscope are used to record the build-up of the laser
pulses train in the Regenerative Amplifier (REGEN) during the pumping laser
pulse. The buildup time difference with and without the seed-beam is checked to
be as expected, a reduce of more than 50 ns on the build-up time when seeded (Fig.
1.6). This will affect the contrast ratio of the output laser and further checks and
actions will be needed to improve it, as probably a realignment of the seeding
beam. The recorded intracavity beam in the REGEN is also used to check the
properly pulse extraction (pockel-cell PC3).

Figure 1.6: Photodiode signal (channel-1, yellow) of the intracavity beam in REGEN shows the pulses
build-up time without (left figure) and with (middle figure) seed beam. The reduce time of more than
50 ns provide sufficient intensity contrast of the REGEN pulse output. At the right figure is the
intracavity pulses after enabling the pockel-cell PC-3 that extract the proper pulse from the cavity. A
followed pockel-cell (PC-4) cleans the beam from afterpulses.

e A spectrometer is used to record the spectrum of the output of the REGEN that is
modified with the use of Mazzler to be wide (>60 nm) and flat as possible (Fig.
1.7). If it is not acceptable, a Mazzler feedback loop procedure is usually enough
to improve it, else realignment maybe needed.

e The output energy measurement (value and stability) of the first amplification stage
is a good indication of the proper operation of the former stages. The energy
measurements are also made at the output of the following amplification stages,
prior and after the use of the pumping lasers for consistency checking. Also, several
irises at the beam path are used to check the beam position and assist the fine align
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that may be needed, additionally to the cameras that record the beam profile and
position.

e At the exit of the pulse compressor for the probe beam (Air Compressor) an
intensity auto-correlator (Bonsai, from Amplitude Technologies) is used to
measure the pulse duration and set it appropriate by changing the gratings distance
in the Compressor. The Bonsai is a compact devise that features single shot, single
beam operation making it very simple to align and to operate.

POHPO T comm
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FIGURE 1.7: Spectrum of the regen output without (up) and with Mazzler (down). Starting
from a spectrum FWHM of ~22 nm the Mazzler loop can lead to a FWHM of more than 70
nm by introducing a properly generated attenuation filter. This wide spectrum after
amplification and proper compression is able to give pulse duration below 30 fs.

e At the exit of the pulse compressor for the main beam (Vacuum Compressor) a
more sophisticated diagnostic system (Wizzler, from Fastlite) is used for properly
measurement and fine adjustment of the pulse's characteristics. The Wizzler is
based on the patented technique Self-Referenced Spectral Interferometry (SRSI)
and delivers both spectral phase and amplitude measurements, i.e the complete
temporal characterization of an ultrashort pulse. It provides also feedback to the
Dazzler opto-acoustic modulator which applies phase correction to the beam at the
output of the Stretcher in order to improve the measured pulses after the
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Compressor. Wizzler/Dazzler feedback loops comprise a powerful compression
optimization tool to achieve Fourier transform limited (FTL) pulses.

e A third order cross-correlator (SEQUOIA, from Amplitude Technologies) is used
for the high dynamic range measurement of the temporal pulse shape of the beam.
SEQUOIA offer an intensity contrast ratio of more than 9 orders, over a temporal
measurement range of up to 500 ps, with a time resolution of down to 17 fs. It can
provide information of the pulse pedestal, pre- or post-pulses and the Amplified
Spontaneous Emission (ASE) which are very important parameters for the
characterization of high energy laser pulses.

Pulse measurement/optimization with Wizzler/Dazzler

Introduction
The Wizzler is a pulse measurement m?ﬁ.”,?g g e
system designed to measure accurately the
spectral phase of amplified ultra-short, near o
Fourier-Transform Limited laser pulses. It is
based on a pulse characterization technique
invented and patented by FASTLITE: Self- spectrometer Feasing
Referenced Spectral Interferometry (SRSI). It /
is single-beam, single shot, and delivers both spectral phase and amplitude
measurements, i.e the complete temporal
characterization of an ultrashort pulse. Figure 1.8: Wizzler optical setup
The Wizzler system is a standalone
instrument with its hardware, implementing the optical setup that generates the SRSI
signal and the spectrometer that records it, and its software, which extracts the pulse
characterization from the SRSI interferogram. In case a DAZZLER pulse shaper is
integrated in the laser chain, the software has also the capability to send the phase
information back to this device to perform pulse optimization.

Waveplate 12
KPP
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Fourier-Transform Spectral Interferometry

Fourier-Transform Spectral Interferometry (FTSI) [1][2], is the treatment of the
frequency domain interference pattern between 2 pulses delayed in the time domain.
Inverse Fourier transform of the spectral interferogram results in a 3 peaks structure in
which the oscillating term in the spectral domain, centered at the delay t between the 2
pulses in the temporal domain, is numerically filtered. A Fourier transform convoluted
with this filter provides information about the difference of the spectral phases and the
product of the spectral intensities. Additionally, a similar treatment of the continuous
term in the spectral domain, centered at delay O in the temporal domain, provides
information about the sum of the spectral intensities, which enables the reconstruction

I(w)  Spectral interferogram I(t) FT ', )+ L)} Hiah 1
igh frequency

FT-1

= A

-T +T

a Numerical filter
|(2,) ot +¢,(0)-¢ (@) p(w) It
\

Vi (@)1 (@) FT
N -' i Fr! {J I (@)1, (@ )exp [(.-J‘I' +y ()= (o )]}

FT 4 (@) 1 (w)exp[wr +9, ()~ (e )]}

>

0

Figure 1.9: Fourier-Transform Spectral Interferometry (FTSI)

of the 2 spectral amplitudes provided that the 2 spectral intensities do not overlap.

The XPW effect
Cross-Polarized Wave Generation XPW active media
(XPW) [3][4] is a third-order
nonlinear effect. As its name suggests, 1\\ //T _____
it is the generation of a Iinearly \\l_lf/ } XPW generated pulse

polarization of a high-intensity
linearly polarized input wave (see fig
1.10). Within the slowly-varying BaF; or LiF

envelope, the undepleted regime and Figure 1.10: XPW generation

the thin crystal approximations [5].

The XPW temporal amplitude is linked to the input temporal amplitude by the
following:

polarized wave, orthogonally to the ruput pulse / l

Expy (t) o |E;n (6)|*Ey (t)
As can be seen, the XPW effect acts like a temporal filter: a XPW generated pulse is a
replica of the initial pulse, filtered by its own temporal intensity. Thus, we expect it to
be shorter in time ie to have a broader spectrum and a flatter spectral phase than the
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|nput pulse Thls is true, according to [6], when the pulse is close enough to the Fourier
transform limit, ie when the spectral phase is flat enough for the pulse to be filtered by
the XPW effect. It is worth noting that XPW generation is more sensitive to the chirp
than to higher orders of the spectral phase, and that its efficiency vanished for pulses
chirped to above 2 times their FTL pulse duration. [6]
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Self-Referenced Spectral Interferometry
The Wizzler measurement technique name is "Self-Referenced Spectral
Interferometry” (SRSI). The principle is pretty simple, and described on figure 1.11.
From the pulse to be measured, a replica is created on a linear polarization different
from the input one and delayed. The main pulse is used to generate a reference pulse
with a broader spectrum and a flatter spectral phase, but with the same carrier
frequency, via Cross-Polarized Wave Generation (XPW). This reference pulse is
created on the perpendicular polarization, so that a polarizer can transmit the XPW
pulse and the replica to a spectrometer which records an interference signal.
FTSI treatment is applied to this interferogram, and both spectral phase and spectral

Replica generation XPW filtering Main pulse extinetion

BaFa Polarizer

amplitude of the input pulse can be extracted assuming that the spectral phase of the
reference pulse @1 is known. While @1 is not perfectly flat, it can be set to 0 as a first
approximation, and the algorithm shown on figure 4.5 improves the accuracy of the
reference pulse phase value. In the Wizzler, the algorithm used includes last data
processing development and enhancement unpublished and done by FASTLITE.
FASTLITE has published a number of articles describing SRSI technique as well as
Wizzler experimental results. [7][8][9]

Measurerement and optimization of the pulse

ioti Figure 4.5: Algorithm loop to improve
characteristics g g P p

accuracy of XPW phase value.

1) Set Wizzler to Specrtum mode and make fine alignment adjustment using the
last mirror before the beam entrance in Wizzler to maximize the signal level and
the fringes contrast.

2) Set Wizzler to SRSI mode and see the amplitude and phase spectra as well as
the temporal pulse reconstruction. The Signal and Goodness indicators should
be green.

3) Make remote desktop connection to Dazzler-PC [ fisn |

and set Dazzler Phase to Polynomial only (apply W—Hf o
by presing Load).

4) Make changes of the second order parameter by
200 fs? and observe the changes at the wizzler
measurements. Find the parameter for the ForEe
optimum results, smaller duration and smoother
amplitude/phase spectrum.

| Spectral complex
amplitude

=S
3y
U

4

FT

| Time complex
amplitude
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feedback to Dazzler for otpimization. At Dazzler select Phase “both” and apply
(Load).

6) Make feedback steps again to optimize the pulses characteristics (each time
deselect and select “both” at Dazzler before apply). The feedbakck strength can
be adjust if neededed at the Wizzler (normally 0.6 to 0.8).

7) Stop feedback loop when at Dazzler the real spectral tranfer function (Spectrum
window) colored red has large difference from the programmed one colored
black. The last feedback can be undo from the Wizzler.

..............
L L = s | | R

/
e Y A = ol ‘ RUN

Figure 1.12: Pulse improvement by feedback to Dazzler. Before feedback (left) the best measurements
results by changing the grating distance of the compresor or the polynomial parameters of Dazzler are
far away from the calculated Furier Tranform Limited (FTL) and the phase spectrum is not flat enough.
After few feedback steps to Dazzler (right) the phase spectrum is optimized and the measured pulse
characteristics is near the ideal FTL.

Pulse contrast ratio measurement with Sequoia

Introduction

The high dynamic measurement of the temporal contrast of the main pulse of the Zeus
laser system is implement by a third order cross-correlator, the Sequoia from Amplitude
Technologies. It uses the third harmonic generation to achieve the cross-corelation
between a “delta” pulse - generated by the second harmonic - and the pulse itself. The
optical layout is shown in Fig.1.13. The main pulse is separated in two lines, where one
is frequency doubled (SHG) and delayed. The two beams are recombined into a crystal
(C02) where the sum frequency process provides the third harmonic generation (THG)
signal which is propotional to the temporal overlap between the two incident pulses.
The wavelength of the cross-corelated signal is easily filtered from the incident pulses
and is detected by a photomutiplier. The evolution of the signal with respect to the time
delay gives the pulse temporal profile. The gain of the photomultiplier is dynamically
controlled in order to adjust the measurement level between the noise and the saturation
effect. The dynamic range of the measurement is also strongly increased by the use of
calibrated neutral density (ND) filters at the Sequoia input which are dynamically
exchanged during measurement. A computer software drives the instrument for the
delay line setting, the gain control and data acquisition of the detector, the exchange of
the ND filters, as shown in Fig. 1.14.

The high dynamic allows to detect temporal structures with power less than a factor
107 below the main pulse and combined with the large delay range (>500 ps) with
precision steps (17 fs) Sequoia offers the ability to measure:

» Pules pedestal: precise measurement in the £1 ps range gives important
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information on this essential parameter

Ghost pulses: the large temporal measurement range allows measurement of
unwanted pre- and post-pulses, which can generated from dielectric coatings,
birefringent optics,compression gratings etc.

Amplified Spontaneous Emission: ASE level an important parameter for the
characterization of high amplified pulses. The duration of the ASE is generally
several orders of magnitude of the main pulse and can represent a significant
fraction of the total pulse energy.

Measurement of the pulse contrast ratio with Sequoia

1)
2)

3)

4)
5)

6)
7)

8)

9)

Set the laser pulse energy to have 0.3-0.5 mJ before the Sequoia and align the
beam to the entrance.

Setup a telescope at the diagnostics table for reducing the beam size to be about
4 mm before the entrance to Squoia

Start the software of Sequoia and set the Density filter to zero.

A i1 &y seQu | |
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Figure 1.15: The software for the Sequoia

Open the cover of the Sequoia and align the beam to the SHG crystal.

Set at the DAQ DRIVER window at the software to have continuous acquisition
of the photomultiplier signal and set the analog output voltage to 2.5V and press
Refresh.

Fine align the beam to maximize the signal

At the main window of the Sequoia software select the find max button to make
a delay scan for finding the maximum signal where the probe beam coincides
with the main beam (zero point).

With the Density filter to zero make fine alignment or energy changes to have
signal ~2.5

Set sequntely the Density filter to 1/2/3 and make fine alignment or energy
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changes to have signal about 1.2/0.75/0.4

10) Setup the software for contrast ratio measurement. At the main window select
Measure—Set-up and set the number of shot measurements per time-step (default
is 10), the starting time TO for the measurement in respect to the zero point and
the time step (positive or negative).

11) At Measure-menu select “continue” to continue writing on the previous
measurment data or “clean” to clean the previous data. With the first option is
possible to stop at any time the measurment and continue with different time-step
the measurement.

12) Pres the white arrow button to start the measurement. Press the red cycle button
to stop the measurement.

13) After that you can save the measurement data and an otptions window allows you
to normalize and sort the data, as also set zero-time at the maximum of the signal
before save to file. Also you can save the graph as an image.
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PART B - LASER MATTER INTERACTION FOR HHG

Theoretical background

High-harmonic generation (HHG) provides a powerful source of ultrashort coherent
radiation in the eXtreme UltraViolet (XUV) and soft-X-ray range and is the main
research field in ultrafast science. Generally, when a non-linear medium is exposed to
femtosecond laser radiation with intensities >10*Wcm™ the atoms are ionized and the
freed electrons are accelerated by the laser field in the presence of the core potential. A
small number of these electrons may recombine with the parent ions emitting the gained
energy.

Figure 2.1 A typical HHG process from atomic gases

If the non linear media is centrosymmetric (e.g. atomic gases) the above process
occurs twice per laser pulse period and thus resulting in a HHG spectrum which
consists of the odd multiples of the fundamental photon frequency.

Changing scale from microscopic to macroscopic, the key issue for efficient HHG
is the coherent addition of the generated pulses also known as phase-matching both in
temporal and spatial domain. The main reasons for phase-mismatching are the
dispersion, when the pulses propagate in the non-linear medium and the system
geometry.

Experimental arrangements and considerations

The laser source used is the probe beam of 45 TW laser system. In the next figure
the basic experimental setup is illustrated
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Figure 2.2 experimental setup

The laser beam is directed in the gas cell and is focused in a hole on a metal surface.
This hole is created by the focused laser beam, so the diameter is similar with the spot

size. This hole is also the outlet of the gas cell.

Figure 2.3 Gas cell. Is visible the plasma created by the focused beam on copper foil creating
the outlet of gas cell.

The beam focus is in the gas sell near the metal foil. The produced harmonics and the
laser beam are directed on a pair of silicon wafers in Brewster angle in order to filter

the laser beam.
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Reflection calculator

Angle of incidence (0~80°): 74853 y

Direction: ®in O out

— S—polarized 2efract eTndes I
— P-polarized
— non-polarized

Reflectance {at 0.8 ym) [il

RS = (.74554 (S-polarized)
Rp=6.7367e-7 (p-polarized)
R = 0.37277 (non-polarized, (Rs+Rp)i2 )

Reflection phase il 0.2

Retlectance

¢S = -1 79'9840 : y 20 an A0 50 50 B0
¢P =00.123° Angle of incidence, deg.

Brewster's angle [i1
6p=74.853°

Reflection calculator

Angle of incidence {0~80°): 74853 |

Direction: ®in O out

Reflectance {at 0.2066 pm) [il — 5 polarized
s = P-polarized

Rg = 0.90679 (s-polarized) ~ mon-polarized
Rp = 0.48889 (P-polarized)
R =0.69784 (non-polarized, (Rs+Rs)2 )

Reflectance

Reflection phase [il

¢5=-171.086° B A e
¢P = 105431 ° Angle ot incidence, deq.

Brewster's angle (i1

Bp = 72.009°

Figtjre 2.4 The reflectance for the 800 nm is of order e-7 while for 200 nm is almost 50%.

The XUV radiation is separated with a flat field grating and the harmonics are
focused on a plane.

The detection made with microchannel plate (MCP) sensor moving on the plane of
focused harmonics. An MCP is an array of 104-107miniature electron multipliers

oriented parallel to one another.
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Figure 2.5 MCP main structure and operation

Figure 2.6 MCP on experimental setup inside the vacuum chamber.

A typical spectrum snapshot from the CCD camera is illustrated in Figure 2.7
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Figure 2.7 A typical spectrum snapshot from the CCD cameras. On the left are indicated the
counts along the y-axes of the spectrum.

But in our case using the MCP we have this picture
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Figure 2.8 The main experimental setup components is connected to a computer and the
procedure was automated using the LabView software.

Page | 283



HELLENIC . e
MEDITERRANEAN universite NI TRDAD
UNIVERSITY “BORDEAUX |

Figure 2.9 The order determination of the appeared harmonics can be uniquely identified by
the distance between them taking in mind that A, = %and that the used grating was flat

field. Where 4,4, 1, and q are the gth harmonic wavelength, the fundamental frequency
(800nm) and the harmonic order respectively.
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1.1 Diagnostics of metallic film targets interacting with short laser pulses

The aim of this laboratory is to give you the opportunity to get practical experience
on the diagnostics related with interaction of short laser pulses with metallic film
targets.

Two are the diagnostics we are going to explore which are guided from the basic
interferometry and more specific the Michelson Interferometer. The first one is a single
interferometric image analysis that will show us the surface deformation due to
ultrasound that travel across the surface. The second one is the White Light
Interferometry setup which will show us the “damage” that the generation of the

ultrasound may have produce in the metallic film surface.

1.2 Generation of ultrasounds and their analysis

Here is presented the generation of ultrasounds and the analysis of the surface

deformation by using the interferometric images.
1.2.1 Generation of ultrasounds

When a solid material is irradiated with short laser pulses, the absorption of the
irradiance causes the local temperature increase and its thermal expansion which
leads to the generation of the ultrasounds in the material. The energy that is produced
travels in all directions (Figure 10). The laser generated Surface Acoustic Waves

(SAWSs) depend on the metallic film properties as well as the substrate properties.

Short Laser Pulse

Heated
Region

=

Material
Figure 10 Interaction of short pulses with mater

For ns laser pulses, the electron cloud is always in thermal balance with the grid and

their common temperature follows the classic heat treatment equation (1):

To[ X 2 R _heyy (1)

oC poC  pC
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where T is the temperature transition function, T the temperature transition and To

the reference temperature, k, p, ¢ the constants for thermal conductivity, density and
specific heat respectively, ¢ the thermal acoustic coupling constant. Q the heat

source defined as the energy absorbed per unit volume per second.

In the ns pulsed laser and mater interaction, three are the areas of interest (Figure 11),

depending on the laser energy absorbed by the target and determine its behavior: a)

the thermoelastic area, b) the melting range, and c) the area of ablation.

Absorption Heat conduction

SAWSs Lascr
. Beam
S

(a)
Melting Plasma

~Melted Plasma
metal formation|

(c)

(b)

(d))

Figure 11 Matter states during irradiation with laser pulse

Using spherical lens, we can focus the laser pulse in the material’s surface and
produce the SAWSs (Figure 12).

Pulsed Laser

/l

Mirror

Lens

Figure 12 SAW production using point-focused pulsed laser

In order to produce the SAWs and analyze the deformation that they produce in the
material, we constructed a setup (Figure 13) that splits (BS) the ns laser pulse in two
parts: a) The “Pump Beam” is focused in the material’s surface and produces the
SAWSs, b) The “Probe Beam” that travels in one of 4 different (by selection) optical path

delays and ends in a Michelson Interferometer, where the one surface is the material’s
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surface and the other is a mirror. The output of the interferometer is captured from a

CCD camera using an electronic delay trigger for further processing.

Variable
hf) Optical Delay < <§M

SAMPLE

e s ol o,

Figure 13 Simplified SAWs generation setup

1.2.2 Interferometric image analysis

The interferometric images are recorded using a customized recording software (Figure

14). The fringes density depends on the mirror tilt in the Michelson setup.

Change:

olarizer
f Value:

+05 |

4 0,00 |2

0.5
i used

Switch to: Continuous l

Figure 14 Interferometric Image recording
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The recorded images are further processed using another customized software (Figure

15) that embodies 2D FFT algorithms as well as phase unwrapping techniques.

i b) Filtered Part
a) Image of Captured ‘ :
) |nteg‘erografﬁ ———— R e e of the FFT Image

vt Phase e

c) Wrapped Phase S =
Image d) Unwrapped Phase Image
(Surface deformation)

Figure 15 Software for the interferometric images processing

As a first step is to open an interferometric image (Figure 15-a). The image is
automatically transformed in the Fourier space, where there are two lobes appear due
to the parallel fringe formation. The next step is to select by using a rectangle tool the
one of the two lobes (Figure 15-b) which filters the rest of the image to black and keeps
only the selected lobe. The invert Fourier transformation gives us next the “wrapped”
phase of the interferometric image (Figure 15-c). By using a special algorithm, the
phase is unwrapped (Figure 15-d) and we can extract the deformation of the surface
using the following equation:
g-24

Ry (2)

where: A, the wavelength of the laser source used to record the interferometric
images

1.3 White Light Interferometry

In the White Light Interferometry, we get the advantage of the partial interference that

appears when using broadband light sources (Figure 16).
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Figure 16 Light sources & Coherence

While in a coherent laser source, the total intensity is (3):
27
le=1L+1,+2 Illzcos(TALj (3)

where: A, the wavelength and AL the optical path difference.

In partial interference, the total intensity is (4):

Lo = b+ 1, + 2111, |72 (AL)|COS(27”ALJ (4)

where: the term |712 (AL)| is the complex degree of coherence and gets values from 0

to 1.

The term |712(AL)| expresses the visibility of the interference fringes that appears in
partially coherence (5):
-1

|7, (AL)| = $=V (5)

In order to locate the maximum value of the term |712 (AL)| (zero optical path delay), we

have to process the interferometric images and find the maximum of the envelop curve

(Figure 17).
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Figure 17 Location of the zero optical path delay

1.3.1 White Light Interferometry setup and image processing

In the White Light Interferometry setup (Figure 18), we use the same Michelson
Interferometer we used to capture the interferometric images where instead of the

mirror we use a Piezo-Transducer (PZT) to move the mirror in the Z-Axis.

SA
|
2 ai I WLS
axis pzT
Mirror - - [D
BS*
=
CcCD

Figure 18 White Light Interferometry setup

The moving of the PTZ mirror produces a vertical stack of images that we collect using

a CCD camera (Figure 19-a).
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Intensity (a.u.

Figure 19 WLI image capture and processing
The stack of the images are further processed pixel-by-pixel in vertical axis (Z) using

a custom software to extract the zero optical path delay (Figure 19-b) from each pixel.

The resulted image can be open using an image processing software like “ImageJ”
and get the values for the 2D profile (Figure 20), or 3D prolife of the surface (Figure 21).

& GLD500_FL 10c PZT8408B40_800st rot.xt (G) (50%)
572 735375 85 im (2424356), 32-bi. 3 208

£ Plot of GLDS00_FL_10c_PZTB408540_800st_rot (G) = =

[ 799 75598 7 pim (S 78¢255], 85 131K

0 200 400 600 200
Distance (um)

st | Sve. | Comy. | e | 3etazca, veve

Figure 20 2D profile of a surface
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Figure 21 3D profile of a surface
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