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Diagnostics de particules chargées pour PETAL, étalonnage des
détecteurs and développement d’un démonstrateur

Résumé :

Afin de protéger leurs systemes de détection de l'impulsion électromagnétique géante générée par
l'interaction du laser PETAL avec sa cible, les diagnostics de PETAL seront équipés de détecteurs
passifs. Pour les ensembles SEPAGE et SESAME, une combinaison d'Imaging Plates (IP) et de couches
de protection de matériaux de grand numéro atomique sera utilisée, qui permettra: 1) d'assurer que la
réponse des détecteurs sera indépendante de son environnement mécanique proche dans les
diagnostics et donc homogéne sur toute la détection, 2) de blinder les détecteurs contre les photons de
haute énergie produits dans la cible de PETAL. Dans le travail présenté ici, nous avons realisé des
expériences d'étalonnage avec les IPs aupres d'installations générant des électrons, des protons ou des
ions, dans le but de couvrir le domaine en énergie cinétique de la détection des particules chargées de
PETAL, de 0.1 a 200 MeV. L'introduction a pour but de décrire les méthodes et outils utilisés au cours de
cette étude. Le second chapitre présente les résultats de deux expériences réalisées avec des électrons
dans le domaine d'énergie cinétique [5-180] MeV. Le troisiétme chapitre décrit une expérience et ses
résultats avec les protons entre 80 et 200 MeV étaient envoyés sur nos détecteurs. Le quatriéme chapitre
est consacré a une expérience utilisant des protons et des ions entre1 et 22 MeV en énergie de protons et
dont l'objectif était I'étude de détecteurs et le test du démonstrateur de SEPAGE. Nous avons utilisé
GEANT4 pour l'analyse de nos données et prédire la réponse de nos détecteurs dans le domaine 0.1 a
1000 MeV.

Mots clés: Imaging Plates, Les diagnostics PETAL+, physiques des plasmas, l'interaction laser
matiere, simulation GEANTA4, accélération de particules par laser, détection de particules

Charged particle diagnostics for PETAL, calibration of the detectors
and development of the demonstrator
Abstract :

In order to protect their detection against the giant electromagnetic pulse generated by the interaction of
the PETAL laser with its target, PETAL diagnostics will be equipped with passive detectors. For SESAME
and SEPAGE systems, a combination of imaging plate (IP) detectors with high-Z material protection layers
will be used to provide additional features such as: 1) Ensuring a response of the detector to be
independent of its environment and hence homogeneous over the surface of the diagnostics; 2) Shielding
the detectors against high-energy photons from the PETAL target. In this work, calibration experiments of
such detectors based on IPs were performed at electron and proton facilities with the goal of covering the
energy range of the particle detection at PETAL from 0.1 to 200 MeV. The introduction aims at providing
the reader the methods and tools used for this study. The second chapter presents the results of two
experiments performed with electrons in the range from 5 to 180 MeV. The third chapter describes an
experiment and its results, where protons in the energy range between 80 and 200 MeV were sent onto
detectors. The fourth chapter is dedicated to an experiment with protons and ions in the energy range
from 1 to 22 MeV proton energy, which aimed at studying our detector responses and testing the
demonstrator of the SEPAGE diagnostic. We used the GEANT4 toolkit to analyse our data and compute
the detection responses on the whole energy range from 0.1 to 1000 MeV.

Keywords : Imaging Plates, PETAL+ diagnostics, particle diagnostics, plasma physics, laser-matter
interaction, GEANT4 Monte Carlo simulations, laser acceleration of particles, detection
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0.1 Abstract

In order to protect their detection against the giant electromagnetic pulse gener-
ated by the interaction of the PETAL laser with its target, PETAL diagnostics
will be equipped with passive detectors. For SESAME and SEPAGE systems, a
combination of imaging plate (IP) detectors with high-Z material protection layers
will be used to provide additional features such as: 1) Ensuring a response of the
detector to be independent of its environnement and hence homogeneous over the
surface of the diagnostics; 2) Shielding the detectors against high-energy photons
from the PETAL target.

In this work, calibration experiments of such detectors based on IPs were per-
formed at electron and proton facilities with the goal of covering the energy range
of the particle detection at PETAL from 0.1 to 200 MeV. The introduction aims
at providing the reader the methods and tools used for this study. The second
chapter presents the results of two experiments performed with electrons in the
range from 5 to 180 MeV. The third chapter describes an experiment and its re-
sults, where protons in the energy range between 80 and 200 MeV were sent onto
detectors. The fourth chapter is dedicated to an experiment with protons and ions
in the energy range from 1 to 22 MeV proton, which aimed at studying our detec-
tor responses and testing the demonstrator of the SEPAGE diagnostic. We used
the GEANT4 toolkit to analyze our data and compute the detection responses on
the whole energy range from 0.1 to 1000 MeV.

Keywords: Imaging Plates, PETAL+ diagnostics, Particle diagnostics, plasma
physics, laser—matter interaction, GEANT4 Monte Carlo simulations,, laser accel-

eration of particles, detection



0.2 Resumé

Afin de protéger leurs systémes de detection de I'impulsion électromagnétique
géante générée par linteraction du laser PETAL avec sa cible, les diagnostics
de PETAL seront équipés de detecteurs passifs. Pour les ensembles SEPAGE et
SESAME, une combinaison d’Imaging Plates (IP) et de couches de protection de
matériaux de grand numéro atomique sera utilisée, qui permettra: 1) d’assurer
que la réponse des détecteurs sera indépendante de son environnement mécanique
proche dans les diagnostics et donc homogéne sur toute la détection, 2) de blin-
der les détecteurs contre les photons de haute énergie produits dans la cible de
PETAL.

Dans le travail présenté ici, nous avons réalisé des expériences d’étalonnage
avec les IPs auprés d’installations générant des électrons, des protons ou des ions,
dans le but de couvrir le domaine en énergie cinétique de la détection des particules
chargées de PETAL, de 0.1 a 200 MeV. L’introduction a pour but de décrire les
méthodes et outils utilisés au cours de cette étude. Le second chapitre présente les
résultats de deux expériences réalisées avec des électrons dans le domaine d’énergie
cinétique [5-180] MeV. Le troisiéme chapitre décrit une expérience et ses résultats
avec les protons entre 80 et 200 MeV étaient envoyés sur nos détecteurs. Le
quatriéme chapitre est consacré a une expérience utilisant des protons et des ions
entre 1 4 22 MeV en énergie de protons et dont I'objectif était I’étude de détecteurs
et le test du demonstrateur de SEPAGE.

Nous avons utilise GEANT4 pour I'analyse de nos données et prédire la réponse
de nos détecteurs dans le domaine 0.1 a 1000 MeV.

Mots clés: Imaging Plates, Les diagnostics PETAL-+, physiques des plasmas,
Iinteraction laser matiéres, simulations GEANT4, accélération de particules par

laser, détection de particules
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Chapter 1

Introduction

The subject of my thesis is the development and calibration of the charged-particle
detectors of the PETAL+ project. This chapter introduces the elements that will
be used in the following chapters. I will present shortly the Laser MegaJoule
(LMJ), the Petawatt Aquitaine Laser (PETAL), the PETAL-+ project and its
diagnostics, the simulation GEANT4 used to analyze our results and the passive

detectors named imaging plates (IP).

1.1 The Laser Megajoule

The Laser MegaJoule (LMJ) is installed in le Barp, Bordeaux, France. This facility
will be composed of 176 laser beams that will deliver 1.8 MJ to a target using the
method of indirect drive [1], and a maximum power of 550 TW of 0.35 ym UV
light on target with a typical pulse duration of a few ns (see Fig. 1.1 and Tab.1.1).
The interaction chamber of LMJ is an aluminum sphere of 140 tons and 10 m
diameter equipped with a plasma and laser diagnostics and contains the target at
its center.

The 176 beams located in LMJ sphere are assembled into 22 bundles of 8
beams. Each bundle is composed of two quadruplets (set of four beams). Each
quadruplet should deliver up to 30 kJ of energy with a duration of a few ns, and
provide intensity of 10'® W/cm?.

The scientific cases of LMJ and the National ignition Facility (NIF) in the

13
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146.8° : 10 quads

Figure 1.1: Geometry of the LMJ sphere. [1].

United States have many features in common and have been presented in [2| and |3|
respectively. Both facilities will take advantage of their large number of ns high-
energy beams, to setup experiments usually distributed in three categories:

- High-energy density physics, where relatively low temperatures (a few eV) at
extremely high pressure (above TPa) and matter density will be studied,

- Laboratory astrophysics, where experiments aiming either at studying the
microphysics of steller plasmas or astrophysical phenomena such as shocks will be
performed,

- Studies for inertial confinement fusion by direct drive, within the scope of

reaching conditions for the production of energy.



CHAPTER 1. INTRODUCTION 15

1.2 The Petawatt Aquitaine Laser

The PETawatt Aquitaine Laser (PETAL) is a kJ multi-Petawatt beam coupled
with the LMJ facility. Tab.1.1 presents the characteristics of the PETAL and
LMJ lasers.

The short pulse of PETAL will be used either directly on LMJ targets or to
accelerate particles from a specific target. The secondary accelerated particles may
be used, for example, to probe an imploding LMJ target. TNSA (Target Normal
Sheath Acceleration) [4], [5], [6], [7] is the main physical mechanism at play to
accelerate particles with PETAL.

PETAL 1 Quad LMJ

Energy (kJ) >3 30
Wavelength (nm) 1053 351
Pulse duration 0.5 — 10 ps a few ns
Intensity on target W/cm? 102 > a few 10"

Intensity contrast (short pulse) | 1077 at -7 ps

Energy contrast (long pulse) 1073

Table 1.1: Characteristics of the PETAL and LMJ laser system.

In the TNSA mechanism (see Fig. 1.2), the ions and protons are indirectly ac-
celerated by the short-pulse laser. In fact, the laser couples to the plasma electrons,
which are accelerated by the ponderomotive force. The heated electrons propagate
throughout the thin target (typically a PETAL target will be a few-micrometer
thick, depending on the experiment) to reach the back surface, where a part of
them escape into vacuum. These escaping electrons create behind them an electric
force, which pulls the surface ions out of the target and accelerate them. Note that
the TNSA mechanism has been extensively studied experimentally (see e.g. 8], [9]
and [10]).

The diagnostics being built in the framework of the PETAL+ project (EquipEx)
will have as a first goal to study the particle acceleration mechanism occuring with
the PETAL target. For such a study, the energy spectra of the accelerated parti-

cles (electrons, protons and ions) have to be determined. This will be the purpose



CHAPTER 1. INTRODUCTION 16

of the SESAME and SEPAGE diagnostics.

Furthermore, to get a deeper insight into the TNSA mechanism, the hot-
electron transport through the PETAL target has to be studied. This will be
the purpose of the hard-X ray spectrometer SPECTIX, using the method of the

K, excitation process in a multi—layer target.

expanding ion beam
L] /

Efrat)
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Figure 1.2: The TNSA mechanism [8].

1.3 The PETAL diagnostics

The goal of the PETAL+ project |11, 12| is to design and build diagnostics
dedicated to the experiments with PETAL. It is also meant to produce dedicated

insertion systems. The diagnostics include:

e SPECTIX, a hard X-ray photon spectrometer in the energy range [5,100|
(keV).

e A set of charged particle diagnostics:
- SEPAGE, a spectrometer that measures at 0 degree with respect to the
PETAL target normal, the energy spectra of the particles emitted from the
interaction point of PETAL on its target, and going to be positioned inside
the LMJ sphere by a System for Insertion of Diagnostic (SID);
- CRACC: the proton radiography detector of the LMJ plasmas;

- SESAME, a set of two magnetic spectrometers which will determine the
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angular distribution of the electron, proton and ion energy spectra around
the PETAL axis.

The geography of the positioning of the PETAL+ diagnostics in the equatorial
plane of the LMJ sphere is given in Fig. 1.3.

CRACC
Electrons emission e Equatorial plan
cime £ 80° 1/ ofelectron Of the

LMJ chamber

Protons emission :
chmne £ 20°

SEPAGE
W
® Petals

e

Figure 1.3: Geometry of the PETAL diagnostics in the equatorial section of the
LMJ chamber [15].

1.3.1 SPECTIX

SPECTIX is a large band X—ray spectrometer [13]. Tts spectral range will span
from 5 to ~ 100 keV, permitting the detection of K, emission lines from titanium
to uranium. Its resolution, between 1,/100 and 1/300 will enable to distinguish the
K, and K, lines. The spectrometer is based on the Cauchois optics [14] using
crystals in transmission. SPECTIX will include two channels of measurement,
each equipped with its own crystal. The photons will be detected with Imaging
Plates. Moreover, SPECTIX will be equipped with a dipole magnet at its entrance
in order to deviate the high-energy electrons away from the detector and from the

crystals.
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SPECTIX works on the principle that the number of K, detected photons is
directly linked to the number of hot electrons going through the PETAL target
with an energy above the K, transition. Each elements works, inside the target,

as a sort, of energy threshold detector.

crystal

Pin-hole

filtres o

From X-ray
source

tungsten

Figure 1.4:  Optics of the SPECTIX spectrometer [13].

1.3.2 SEPAGE

The diagnostic named Spectrométre d’Electrons et de Protons A Grande Energie
(SEPAGE) (see Figs. 1.5, 1.6) will be positioned inside the LMJ sphere on the
normal to the PETAL target at 13.5° with respect to the laser PETAL axis (see
Fig. 1.3) with a System for Insertion of Diagnostic (SID). SEPAGE is composed
of two Thomson parabolas that deflect particles with electric and magnetic fields,
determining their energies and identifying them. Charged particles will be detected

in two channels:

e A so-called “low-energy” channel for particles (electrons, ions and protons)
above 0.1 MeV

e A “high-energy” channel for particles above 8 MeV kinetic energy

The specifications during the design of both channels in SEPAGE are:
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- an energy resolution of better than 10% over the whole energy range, for
electrons, protons and ions (2C9" were used along with protons in the calculations
of the magnetic and electric transport in SEPAGE)

- Enough electric field strength to separate 2C%* tracks from protons at:

- 20 MeV proton kinetic energy in the low-energy channel

- 150 MeV proton kinetic energy in the high-energy channel.

Notice that in the numbers given here, the track separations are provided for
a given magnetic rigidity, p/q where p is the particle momentum and q its charge.
This corresponds to the kinetic energy of an ion A" of mass my for the same

magnetic rigidity, as for proton of kinetic energy E,, which is given by:

m
E(AYY) = qu—ZEp (1.1)

where m,, is the proton mass.

These specifications on the separating power of 2C%* and protons in the low
and high-energy channels fix the values of the electric field integrals of both chan-
nels. It should be underlined that as computed with the simulations, the separation
of the 2C%" and 2C5T tracks is not possible for the highest magnetic rigidities in
the low-energy channel [15].

The magnet strengths of both channels are constrainted by:

- The required energy resolution;

- The available transverse space inside the mechanics of the diagnostic, itself
limited by the dedicated insertion system used to install the diagnostic in the LMJ
chamber;

- The minimal detected proton and electron kinetic energies : 0.1 and 8 MeV
in the low and high-energy channels respectively, for both electrons and protons.

Both channels of SEPAGE have their respective collimators. The hole diame-
ters were chosen so as:

- To provide a sufficient energy resolution for protons and electrons at the
highest specified energies in each channel (respectively 20 and 150 MeV);

- To be as large as possible, in order to remain feasible mechanically and provide
as large as possible solid angles. The low-energy channel Thomson Parabola has a

collimator of 200 ym diameter. The diameter of the high-energy channel collimator
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is 500 pm.

Taken into account their distance to the PETAL targets, they span solid angles
of the order of 1078 sr. A calculation performed with this geometry from the
predictions of pic codes [16] could show that there remains a large amount of
signal on the detectors, for electrons and protons [18].

The calculation used in the last chapter of this manuscript for the calibration
of transport of ions in the low-energy channel Thomson Parabola of SEPAGE
are given in appendix A. It should be underlined here that in both channels of
SEPAGE the transport of electron does not follow the same line of the paraxial
approximation (small deviation angles and transverse displacements with respect
to the initial direction of the particles), especially for the lower part of their kinetic
energy ranges. For these parts of the energy ranges, the electrons are bent at very
large angles in SEPAGE (almost 90° with respect to the initial direction). This
has put constraints on the design of the dipoles of both channels which had, in
particular, to be either open on one side or rather wide in the dispersive direction,
orthogonal to the dipole field.

The detection of particles will be based on passive imaging plates as will be
detailed below. These detectors will be positioned at different places depending
on the type of particles and their energies as shown in Figs. 1.5 and 1.6.

Different particle types are created in the interaction of the PETAL laser shot
with its target. The goal of SEPAGE is to measure the energy spectra of protons,
ions and electrons and to discriminate protons and ions (carbon, oxygen. ..) above
100 keV and up to 150-200 MeV (proton energy).

The SEPAGE spectrometer is composed of two additional elements, besides
the detectors and Thomson Parabolas, which are the SID (Systemes d’insertion
des diagnostics) and the BTDP (Boite de Transfert des Diagnostics Plasma). All

these systems are shortly described below.

Systeme d’Insertion de Diagnostic (SID)

The systéme d’Insertion de Diagnostic (SID) allows to move the spectrometer into
the chamber. The SID is rotatable and translatable in the X, Y and Z axis in
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Figure 1.5: The design of the SEPAGE: the two Thomson Parabolas

("low—energy" and "high—energy" channels) and their related detectors.

Figure 1.6:  Zoom on the detection area (electrons and ions) [15]. The lateral
electron detectors are shown in yellow color. The detector for high-energy electrons
(on the upper side) is 100 cm long, and the detector for low-energy electrons (on
the lower side) is 40 cm long. The front detectors for protons, ions, and electrons
are shielded by 5 mm of tungsten placed behind.

order to adjust the distance between the center of the chamber and the position
of the diagnostics. This SID has been designed and built especially for PETAL-+
(SEPAGE and SPECTIX) from a design of the LMJ SID.
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Boite de Transfert de Diagnostic Plasma (BTDP)

A transfer box called Boite de Transfert de Diagnostic Plasma (BTDP) allows to
transfer the diagnostics and to collect the detectors after the laser shot and do

basic maintenance of the diagnostics.

1.3.3 SESAME

The spectrometers called Spectrométres ElectronS A Moyenne Energie (SESAME)
will be placed on the wall of the LMJ chamber at 0° and 45° with respect to the
PETAL laser axis (see Fig. 1.3).

The main goal of this set of two spectrometers is to sample the angular distri-
bution of the electrons accelerated with PETAL and measure the energy spectrum
of electrons at these two angles. As such the “active” part of this diagnostic is
a dipole magnet, there is no requirement for a separation of ion species as in a
Thomson Parabola. This dipole magnet will bend the electrons passing through
the entrance collimator towards a detector which will be mechanically installed
on a plane parallel to the dipole and diagnostic entrance axis (see Fig. 1.7). An
additional detector will be installed at the bottom of the detection volume, or-
thogonal to the diagnostic entrance direction, to provide the 0° deflection spot,
which will be used in the data analysis to reconstruct the energy spectrum from
the dispersion on the detectors.

As shown by the long-dashed lines in Fig. 1.7, SESAME spectrometers will be
equipped with detection planes symmetric to the electron detector with respect to
the dipole axis, to provide detection capabilities for protons and ions.

The dipole magnet’s characteristics were chosen to provide enough bending
power for the high-energy tail of the electron distribution computed with particle-
in-cell simulations performed specifically for the PETAL laser (around 150 MeV
maximum energy). As a consequence, there is a threshold energy for the SESAME
spectrometer below which the electrons don’t escape from the field lines of the mag-
net, which is 5 MeV, as shown by dedicated Monte Carlo simulations performed
for the design of the SESAME spectrometers [19]. The presence of such a detec-
tion threshold is by no mean a problem since the practical aim of the SESAME

spectrometers is to provide an indication of the “quality of PETAL laser shot
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interaction with its target, the high-energy part of the electron distribution being
the most sensitive to the acceleration mechanism.

Let’s mention here that this energy threshold of 5 MeV for electrons corresponds
to a different threshold for the protons. The reason of this is the difference in
magnetic rigidity of these two types of particles, as measured by the ratio m/q,
where m is the particle mass and q its charge. Let Ry, be the bending radius, in
the magnetic field of SESAME of 5 MeV electrons. The condition for the protons
to get out of the same dipole magnet is to have a bending radius of at least Ryy.

We have:

e feMe p 'pMp
R, = Medefe | Myl 1.2
th eB eB ( )

since protons and electrons have the same charge (e), in absolute value of course. In

the equation above, the quantities are indexed for electrons and protons, 8 = v/c
is the reduced velocity and v is the Lorentz factor.

5 MeV electrons are relativistic with a Lorentz factor 7, ~ 11. For those elec-
trons, we have therefore 3 ~ 1. To solve in proton kinematics the equation above,

we have:

mp7pfp = Yellle (1.3)

given that m./m, ~ 1/1800, it follows that ~,5, << 1, which means in particular
that 7, ~ 1 and 8, << 1. The reduced velocity of the protons at the detection
threshold in SEPAGE is therefore:

By = Yo ~ 6.1073 (1.4)

my,

This gives an energy threshold (non relativistic protons):

1 1 2.2
E, = §mpﬁ§ = 5% ~ 17 keV (1.5)
p

This value of the minimal kinetic energy of the detected protons in SESAME
will put a constraint on the detectors to be used for the protons and ions in this
set of spectrometers.

Fig.1.8 shows a detailed drawing of a SESAME spectrometer, with its tungsten
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entrance shielding its collimator, dipole magnet detectors and vaccuum system.
Notice that contrary to a Thomson Parabola, the transport of charged particles
in the dipole magnet requires to form a point like source only in the dispersive
direction, orthogonal to the dipole field and the entrance direction. Therefore,
the SESAME entrance collimation system is not a cylindrical one, as in SEPAGE,
but an adjustable slit, to be set as a compromise between solid angle and energy

resolution.

-{ Frontal sensor |

Electrons of 150 MeV

Electrons of 5 MeV

All particles |

Figure 1.7: Illustration of functioning of the SESAME spectrometer [19].

The solid angle of SESAME is in the order of 10~7 sr.

1.3.4 CRACC

The CRACC (cassette de radiographie au centre chambre) is a proton radiography
detector that measures the divergence of the PETAL proton beam (see Fig. 1.3)
as a function of the proton energy. Eventually CRACC will be placed 100 mm
from the target in front of SEPAGE. It will be equipped with Radiochromic films
(RCF) |20].
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Figure 1.8: Drawing of SESAME, showing the mechanical structure and the
shielding [19].

1.4 TImaging Plates (IP)

1.4.1 Detector description

Imaging Plates have been chosen as passive detectors for the PETAL diagnostics
SESAME, SEPAGE and SPECTIX. Imaging Plates are commercialized by Fuji
since 1980s [21], and in the beginning, they were used for medical purposes and
X-ray imaging. Quickly, they started to be used as detectors of particle beams
accelerated by laser |22, 23, 24, 25].

Imaging Plates (IP) or photostimulable phosphoric plates are detectors of
roughly 500 pum total thickness, sensitive to ionizing particles and composed of
three or four layers. Five types of IP produced by Fujifilm are used in our exper-
iments (MS, SR, TR, MP and ND). Fig. 1.9 shows three types of IPs. We can
distinguish the IP types by their phosphoric atomic compositions, their thicknesses,
the compositions and the number of the different layers (see Tab. 1.2). The TR
IP does not contain a protective layer. IPs are flexible to precise positioning and
minimize distortion (see Fig. 1.10). Note that the compositions of BAS-MP and
BAS-ND are unknown to us. Therefore we didn’t do simulations of the interaction
of ionizing particles with these two types of detectors.

The particle beams generated by a laser-plasma interaction have certain char-
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acteristics (e.g flux of particles, intensity...) that make diodes or photomultipliers
difficult to use due to the saturation by the flux, or the perturbed reading of the
detection electronics by the high electromagnetic field generated by the interaction
of the laser with its target. For these reasons, using passive IP is an advantageous
way in these conditions. They can be used in vacuum or in air, they are reusable
many times. A big advantage of IP is the achievable position resolution (tens of
pum). Perhaps their most important characteristic is their large dynamic range,
roughly 8 orders of magnitude as discussed in |26|, which is larger than the Ra-
diochromic films (RCF) values [20].

Figure 1.9: Imaging plates Fuji BAS-MS, BAS-SR, BAS-TR.

Figure 1.10: Flexibility of imaging plates.
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Layer SR MS TR

PROTECTIVE

Composition CoHs CoHs No layer
Density (g.cm?) 1.273 1.66 0
Thickness (pum) 6 9 0

SENSITIVE

Composition BaFBr : Eu BaFBrggslp.15 : Eu  BaFBrgsslgis : Eu
Density (g.cm?) 3.1 3.31 2.85
Thickness (pm) 120 115 50

SUPPORT

Composition CyH,0
Density (g.cm?) 1.237 1.66 1.66
Thickness (ym) 188 190 250

MAGNETIC

Composition ZnMnyFesNO4oH15C10
Density (g.cm?) 3.1 2.77 2.77
Thickness (pm) 160 160 160

Table 1.2:  Atomic compositions, densities and thicknesses of three types of IPs:
Fuji BAS-SR, MS and TR. (From T. Bonnet [29]).
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After the irradiation, IPs are placed into a scanner for the digitalization of the
detected signal. When the readout is finished, the IP is placed into a dedicated
instrument to erase the signal using white light (an eraser, see Fig. 1.11).

The intensity of the signal is related to the number of electron-hole pairs created
by the particles in the TP active layer (see section 1.5 for the explanation of the

Photoluminescence principle).

Visible light

)

Erasing the IPs

-

Irradiation

Scanner and reading the signal

Figure 1.11: Scanning process of TP signal.

One of the goals of this thesis is to determine the absolute efficiency or response
of our detectors to particles in an energy range (tens of MeV) corresponding to
what is expected at PETAL, where published data were scarce or incoherent when
we started this work [22, 23, 27, 28, 29| (see Figs.1.12, 1.13). Such a calibration of
the absolute efficiency (response) will allow to determine the absolute spectra of
particles emitted by the interaction of the PETAL laser with its target.

For the sake of completeness, it must be underlined here that the choice of
imaging plate based detectors was not fully obvious when the PETAL+ project
started. Other alternatives such as Radiochromic Films (RCF) [30], [31], [32] or
CR39 detectors were discussed. Lanex screens [33| did not represent a solution for
us since they require an electronic readout on the experimental setup and could
not respond to the project needs. The CR39 option was discussed in the PETAL+
project team. A regulation problem arose them, linked to the rule in the LMJ-
PETAL facility that everything which is put into the vacuum of the LMJ chamber
has to be considered as contaminated. This means in particular that etching of
the CR39 detectors, if this technology was chosen, has to be done in glove boxes.

This happens to be either unpractical or expensive (or both).
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Figure 1.13: The existing data of TR IP responses to protons when this work was

begun [29].

Moreover, as for the performances of CR39 to few tens of MeV protons, nothing

proved at that time that they were noticeably more efficient than Imaging Plates.

We can also add that the protons in this energy range punch rather small holes

at the surfaces of CR39, whose counting after the etching process may depend on
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the etching time, which could have therefore produced physics signals dependent
on the etching method. All in all, this technology was not chosen.

Radiochromic films were chosen for the proton radiography diagnostic of PETAL
(CRACC), as mentioned above. Anyway, it was not chosen for the detection of the
particles inside the other diagnostics because RCF are usually used at rather high
particle fluxes, which may not be what we will have, especially during the ramp-up
of the PETAL energy. Imaging plates were thus preferred to RCF because of their
higher sensitivities. Given the solid angles of e.g. SESAME or SEPAGE, this is in

retrospect a non-negligible argument.

1.5 Photostimulated luminescence PSL principle

in the active layer of an IP

When a high-energy particle goes into the active layer of an IP, it ionizes the
material on its track, in particular Eu?* ions going to Eu®* states. The emitted
electrons can be trapped in a F(Br) or F(I) sites to form metastable states of
F(Br™) or F(I7) [34]. The number of collisions of an ionizing particle, especially
in the MeV or above kinetic energy range with electrons of the medium being very
large, these ionization processes are essentially of statistical nature. The number
of metastable states varies then proportionally with the total ionization of the
active layer on the particle track. Hence, the number of metastable states keeps
the information on the particle deposited energy.

The recombination of the electron-hole pairs corresponding to these metastable
states can occur in various ways. It can be spontaneous in particular, because of
the thermal motion of electrons. This effect is called fading and has to be measured
precisely (see below). The recombination of an electron with an Eu®" ion can be
stimulated by photons as it is depicted in Fig. 1.15. This recombination can occur
either by transport of electrons in the valence bond, or by quantum tunnelling of
an electron from the F(Br™) or F(I7) sites that are close to Eu®" ions [34].

The photon spectrum of scanners used to readout the IP signals contains two
maxima, for wavelengths of 500 nm (2.5 eV) (eq. 1.6) and 600 nm (2.1 eV) (see

Fig. 1.14), corresponding to transitions shown in Fig. 1.15. Photons of these
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wavelengths can thus be used for the stimulation of the recombination [34]. The

lines in Fig.1.15 show the transitions from 1s to 2p states of F(Br™) or F(I7) sites.
1240

A(nm) = ——— 1.6

As described below, this stimulated recombination is usually performed in a

scanner. The recombination of electrons with Eu?t emits a 3 eV photons. This

process is called Photo-Stimulated Luminescence (PSL) [34].
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Figure 1.14: The IP scanner photon spectrum [34].
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Figure 1.15: Photostimulated luminescence principle (PSL) in the active layer of
an IP.

1.5.1 The procedure of read-out the IP

After the irradiation, the IP is placed into a scanner for the read-out. The IP
surface is pixelated by the scanner which codes the signal. The scanner provides a
source of photons to stimulate the transitions from the F(Br~)/F(I7) sites and the
emitted photons are detected. The detected signal is proportional to the number of
emitted photostimulated luminescence photons. Therefore, it is proportional to the
number of particles that went through the pixel. Note that the scanning process
can be done several times since its not 100% efficient to trigger PSL photons.

The transition from the F(Br~) and F(I7) to the sub-conduction surface states
occuring spontaneously is called fading (see paragraph 1.10). Such a phenomenon
must be taken into account in the data analysis of experiments. With the fading
corrections we can obtain a signal which is proportional to the actual number of
F(Br~)/F(I7) sites and hence to the number of ionizing particles which have gone
through the TP in each pixel area.

It is important that the procedure of irradiation and IP reading is done in the
obscurity to avoid any IP signal loss.

The scanner generates a matrix containing a numerical value for each pixel

named Quantum Level (Qr,). The response of the scanner is logarithmic, i.e. the
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dependence of QQ;, on the number of detected luminescence photons is a logarithm.
Values in Qp, are converted into the PSL numbers using the function (1.7) that

was calibrated by the manufacturer:

Res\? 4000 L (52 -1)
P L et —_— _— 1 2D_1 2 ]_
S (100) *—g 0 (1.7)

PSL : photoluminescence photon number read in the pixel;

e Res : size of pixels in pm;

S : sensitivity;

L : latitude;

D : read-out dynamic range (8 bits or 16 bits);

QL : numerical value of the pixel (coded between 0 and 2P — 1).

All IP readouts in this work were made with a Fuji scanner FLA7000, with a
resolution of 50 um, sensitivity of 4000, the latitude of 5 and the 16-bit dynamic
range. In our case, if Qp, = 0 we obtain PSL = 1073, which means that any PSL

number below roughly 1072 is unsignificant.

1.6 GEANT4 simulation

GEANT4 is a code for Monte Carlo simulations particularly suited to the calcu-
lation of the particle propagation through matter [35]. For each type of particle,
there is a list of processes that might occur in matter (e.g. for photons: photoelec-
tric effect, Compton scattering and electron-positron pair production). To describe
the propagation of particles through matter, GEANT4 calculates the step from the
cross section of each process selected to compute the probability of interaction with
matter according to the medium characteristics (density, composition. . .).

The interaction of charged particles (electrons, protons and ions) whose kinetic
energies are in the detection range of the charged particle PETAL diagnostics [0.1

- 200 MeV| occurs essentially via electromagnetic processes. At the microscopic
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level, two particle collisions such as:

- electron-electron scattering

- electron-atomic nucleus scattering

- ion (proton) - electron scattering

- ion (proton)- atomic nucleus scattering

The theory of this particle-matter interaction has been described in many articles
and text books, for example [36] [39]. Rewriting the whole theory is beyond the
scope of this work. Anyway, we just want to underline here the basic quantitative
difference between electron-matter and proton/ion-matter interaction in this en-
ergy range. This difference finds its ground essentially in two facts:

- The possibility for MeV electrons, which are relativistic, to produce secondary
photons from Bremsstrahlung in the electrostatic field created by the atomic nu-
cleus charge in its vicinity;

- The kinematics of the two body collision, described in Appendix C for Rutherford
scattering.

The photon produced by Bremsstrahlung have a non—negligible probability
to take a large part of the incoming electron energy. This means that those sec-
ondary photons will be also ionizing and will subsequently scatter on electrons of
the medium to which they can transfer also an important kinetic energy, hence
becoming also ionizing electrons.

The probability of few MeV protons to produce Bremsstrahlung photons is, by
contrast essentially 0.

The kinematics of the two—particle collisions, mediated by the electromag-
netic interactions , puts also in evidence a big difference between the interactions
of electrons/ions with matter. There, the argument has to do with the mass differ-
ence between electrons and protons/ions. As a reminder, the ratios of the masses

between protons and electrons is approximately
m,/m, ~ 1800

Such a mass difference induces that, if the angular scattering of identical par-
ticles is taken as a reference,
- electron-atomic nucleus collisions in average to much larger angles

- proton/ion -electron collisions lead basically to very small scattering angles.
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When one adds to this the screening of the atomic nucleus electric field by
the atomic electrons, meaning that the collisions with electrons are much more
probable than the collisions with the atomic nuclei, we qualitatively understand a
big difference between electron—matter and proton/ion —matter interactions.

In GEANT4, the positions and the momenta of the particles are modified
after each step of the simulation. The positions and the momenta of possibly
produced secondary particles are saved and wait to be treated. After each step,
if the particle energy is smaller than a threshold which can be determined by the
user, the particle tracking is stopped. Until this occurs, or the particle escapes the
user-defined volume describing the system to be simulated, the particle continues
its path through matter in the simulation. We consider the event ends when the
primary particle and all its secondary particles were tracked. For our needs, in
order to compute the energy left inside the active layers of the IPs, the energy left
by the primary particle is added to the energy losses of all produced secondary
particles. A new particle is then shot and the algorithm continues to shoot the
particles until the total number of particles N is shot. Note that N is defined by
the user.

For the description of IPs in our simulation, the IP layers data given in Tab. 1.2
were used. For each interaction, we can determine the name of the physical pro-
cess, the type of the secondary particles possibly generated, the position of the
interaction in the space and in the matter and the quantity of energy deposited in
the matter. Notice that we have introduced the possibility not to track the sec-
ondary particles in order to determine the contribution of primary and secondary
particles to the energy losses in the IP active layer.

As explained in section 1.8 below, the main goal of our GEANT4 simulation
is to compute precisely the average energy loss of a particle, for which we know
experimentally:

- The type (either electron or proton);
- The kinetic energy;
- The incident angle with respect to the normal of the IP plane;

The problem is rather well defined. A calculation is, in our case, mandatory
because the average energy loss inside the active layer of an IP is not an experi-

mental observable. In fact, what could be measurable would be the average energy
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loss of a particle in traversing an Imaging Plate, i.e. going through the three or
four layers. Such an energy loss may not be dominated by the average energy loss
inside the active layer of the IP.

Moreover, three additional reasons lead us to choose GEANT4. The first one
is linked to the dimensions of our detectors, made of layers from a few 10 pym thick
to cm thick for our needs, we have hence to ensure the tracking of the particles
precisely on this energy range of dimensions at least, which GEANT4 can do. The
second reason of our choice is that the active layers of imaging plates are composite
materials, for which effective energy losses have to be computed accurately. This
feature is also available in GEANTA4. The third reason of our choice has to do with
the fact that we need to use well tested models for electrons and protons in a range
corresponding to the PETAL accelerated particle kinetic energy range (below 150
MeV) and particle types: protons, ions and electrons. This also is available in
GEANT4.

As mentioned above, in the energy range of this study, the interaction of
charged particles with detectors is essentially driven by electromagnetic processes.
For few-tens of MeV protons, some inelastic nuclear scattering come into play with,
anyway, very low probabilities in our thin detectors. They have been neglected in
our calculations. This also allows the simulation to run faster. In our GEANT4
simulations, these electromagnetic processes are, for charged particles:

* Multiple scattering
* Bremsstrahlung
* Tonisation

For positrons, we have included annihilation as a possible mechanism of their
interaction with detectors.

For photons, which are secondary particles in our study, we have implemented
in our calculation:

* Photoelectric effect
* Compton scattering
* ¢~ — e pair production
We have not done any systematic study of the relative importance of each
individual process in the particle interactions with increasing plates. It was beyond

the scope of the present thesis.
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As detailed below, there exists in GEANT4 different libraries describing these
electromagnetic processes. Their existences within the toolkit are explained either
historically or by the goals they are aiming at: particle energy range of application,
types of electrons etc. ..

The choice of the number of particles sent into the matter is a general problem
related to the use of Monte Carlo methods. This number should be sufficiently
high to obtain statistically reliable results. In Fig. 1.16 a test of convergence is
shown to calculate the energy deposited by 3 MeV protons in the sensitive layer
of an MS IP. It presents the mean deposited energy per proton in the sensitive
layer calculated from all protons sent in the simulation. For each simulation we
initialize differently the seed of the random generator in order to have statistically
independent event populations. We can see from the figure, that when the proton
number is small (N=1 ... N=10), the mean deposited energy varies significantly
from one simulation to another, because the statistical sample is too small. When
the number of computed protons is large enough, the value of the mean deposited
energy converges. The specified number of simulated particles should be a com-
promise between a large number, causing possibly unnecessarily long calculation
times, and a small number of particles that don’t produce statistically meaningful
results. For this reason, the optimum value of 10* particles has been chosen for the
calculation of the average energy loss in the IP active layer. It should be under-
lined that in case more detailed information is needed on the computed particles,

a higher statistics will be required.

1.7 GEANTA4 libraries

GEANT4 tracks particles and provides information about the particle step and the
energy deposited in the matter at each step. There are many classes in GEANT4
simulations, which define the geometry of the detector, the atomic compositions
of materials, and the physical processes. The physical processes of the interaction
of particles with matter are described by different libraries. The electromagnetic

process GEANT4 library is composed of:

¢ PENELOPE model (PENetration and Energy LOss of Positrons and Elec-
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Figure 1.16: Test of convergence of the deposited energy in the active layer of
MS IP using 3 MeV protons.

trons), which describes the low-energy physics, and treats the EM interac-

tions of electrons and photons in the energy range between 250 eV and 1
GeV;

e EM OPTS3, designed for applications that require higher accuracy of tracking

particles, which interact electromagnetically, without magnetic fields;

e EM OPT1, designed for the analysis of the Compact Muon Solenoid (CMS),
TeV ranges and specific detector materials and the predicted energy loss of
the EM OPT1 could differ up to a factor 2 with respect to other models;

e Livermore library, based on the evaluated photon, electron and atomic li-

braries.

e EM-STD, multipurpose libraries.

Fig. 1.17 shows the deposited energy in the active layer of MS IP using electrons
between 0.1 and 10 MeV, obtained using various libraries: 1) PENELOPE, 2) LIV-
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Figure 1.17: The deposited energy of electrons inside the active layer of an IP
MS computed with various libraries.

ERMORE, 3) EM OPTI1, 4) EM OPT2 5), EM OPT3, 6) EM OPT4, and 7)
EM _STD. The EM-OPT4, PENELOPE and LIVERMORE libraries give similar
results. There are a few percent differences between the results from EM-OPT3
and EM-STD but the time of calculation is faster than with the other libraries.
EM-OPT1 and EM-OPT2 give similar results. In this work, the EM-OPT3 and
EM-STD libraries are used. The reason to use EM-OPT3 is to compare our results
with older data sets that were obtained using this library. The reason to choose
EM-STD is to decrease the calculation time without affecting the precision of the
results for high-energy particles when compared to those obtained with EM-OPT3.
It should be underlined that the same comparison, with analog results for protons.
There exists an extensive literature on the simulation of particle interactions with
matter computed with GEANT4, and for part of it compared with experimental
data. This literature was produced either in the framework of detection stud-
ies, e.g. for nuclear physics or particle physics experiments, understanding the
interaction of cosmic rays with satellites, or to predict doses in cancer oncology
with particle beams. In the energy range of our studies the different electromag-

netic libraries of GEANT4, when compared to data, either for electrons or protons
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(see e.g. [40, 41]), show that a better agreement is obtained with EM-STD or
EM-OPT4.

1.8 Link between the PSL and the deposited en-
ergy in the IP active layer

As mentioned above, the number of metastable sites created inside the active layer
of an IP is related to the ionization of the active layer on the particle track. This
ionization is quantified by the energy loss inside the active layer. Moreover, the
number of PSL detected in the scanner (called IP response in the following) is
directly proportional to the number of these metastable states. It is not a strict
equality for two reasons. The first is that the excitation of the transitions from
the F(Br~) or F(I7) 1s states to 2p states is not 100% efficient, i.e. not all the
sites of a given pixel are excited. The second has to do with the solid angle
covered by the read-out phototube which equips the scanner, which is only one
part of 47, whereas the photon emission at 3.1 eV from the recombination of the
Eu?t + e~ — > Eu?" is isotropic.

Therefore, the number of the detected PSL is directly connected to the energy
loss inside an IP. It is a purpose of a calibration to quantify this relationship. We
should keep in mind here that such a relationship a-priori depends on the IP and
on the scanner. Therefore, an additional work is needed to adapt this relationship

to other scanners as in [38].

1.9 Modelling of the response of the imaging plates

in the sensitive layer of the IP

For our work, two models to describe the relationship between the IP response
and the average energy loss (Edep) of the particles inside the IP active layer were
used. The first model is of Hidding et al. [25] and considers a linear relationship

between the average deposited energy and the IP response per particle:

R(E) = a.Edep(E) (1.8)
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where E is the energy of the incident particle, R(E) in PSL is the response of the
IP. The coefficient « in PSL/keV represents the sensitivity of the screen, which
means its capacity to produce luminescence photons per unity of deposited energy.
We mention that « varies from an IP type to another for a given scanner. Edep(E)
in keV is the deposited energy in the active layer. This energy is the total energy
deposited by the incident particle and its possible secondary particles. In our ex-
periments, the response R(E) is measured for the case of a source of monoenergetic
particles depositing their energy, the characteristics of which are known. The de-
posited energy Edep is calculated using the GEANT4 simulation. The sensitivity
« is computed as the ratio between the average deposited energy, obtained from
the GEANT4 simulation, and the measured response R(E). Figs. (1.18) and (1.19)
present the calculation of the mean deposited energy in the active layer of an MS
IP as a function of the incident energy for electrons and protons using the EM-STD
libraries. For each simulation 10* identical particles were used. The dependences
seen in these two figures are different, corresponding to the two types of particles
and the differences of their interaction with matter. Protons interact primarily by
ionisation of the matter that they pass through. The curve of the deposited energy
obeys the Bethe law (the stopping power is greater for lower energy particles). All
protons with energy lower than 600 keV stop in the protection layer, and don’t
reach the sensitive layer. Protons with energy between 600 keV and 3.5 MeV have
enough energy to reach the sensitive layer and deposit all their remaining energy
and stop in this layer. When the proton incident energy exceeds 3.5 MeV, the par-
ticle deposits a fraction of its energy in the active layer and continues its trajectory.
For electrons, the shape of the curve has similarities and slight differences with
that of protons, with the maximum energy of 300 keV for electrons that deposit
all their energy in the phosphoric layer, with anyhow a narrower maximum.

The second model of Bonnet et al. [29] [42] takes into account the depth of the

PSL photon emission in the active layer of an IP:

“dE z
E) = & exp(—Z 1.
R(E) =« | & exp( L)dz (1.9)

where € is the thickness, z is the depth in the active layer, dE/dz is the energy loss
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power and L. a parameter of the model which can be interpreted as the absorption
length of the photons (the photons emitted by the scanner losses as well as those
from the Eu ion recombination). BaFBr/I:Eu?" being in simulations [43|, such
an absorption corresponds only to transition between bound electron states of the

crystalline structure to the conduction band with binding energies below 2 eV /3
ev.

200
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Figure 1.18: The calculation of the mean deposited energy in the active layer of
an [P MS as a function of the incident energy for electrons.

The model of Bonnet et al. is based on the fact that the photons of the scanner
and the photostimulated luminiscence can be absorbed inside the protective or
phosphoric layer before any detection of the luminiscence photons. Therefore, some
signal created by particle depositing its energy deep inside IP might never reach
the photo-multiplier of the scanner and this signal would be lost. As the energy
of particles increases, they interact deeper in the sensitive layer of IP and deposit
their energy, which has then a lower chance to be read-out. The Bonnet et al.
model introduces a correction for this effect and, as a consequence, a dependence
of the IP response on the energy loss profile within the active layer of the IP. As
explained in Appendix B these two models are equivalent for high-energy particles
for which the energy loss profile is constant in the active layer, "high—energy“
meaning here that AE, the energy loss in the active layer is much smaller than the

particle kinetic energy.



CHAPTER 1. INTRODUCTION 43

3500
3000
2500

Protons

2000
1500

1000
500

Deposited energy (keV)

0.2 2 20 200
E (MeV)

Figure 1.19: The calculation of the mean deposited energy in the active layer of
an [P MS as a function of the incident energy for protons.

In the present study, we didn’t perform measurements at low particle kinetic
energies with as small bins as what was done by T. Bonnet et al. Therefore,
contrary to their work, we were not able to fit our data with a free value of L for
each type of IP and we used the values of [28] and [42], i.e.:

For electrons:

- L(MS) = 222 um
- L(SR) — 44 ym

- L(TR) = 118 pm
For protons

- L(MS) — 213 pm
- L(SR) = 116 um

- L(TR) = 43.8 um

Figs. 1.20, 1.21, 1.22 and 1.23 present the curves of the deposited energy as a
function of the depth in the MS IP. The simulations were performed for charged
particles, electrons (0.5, 1, 5, 10 and 18 MeV), and protons (1, 3, 10, 18 and 50
MeV) using 10* incident particles.

It can be seen that the deposited energy profile is constant for electrons above

2 MeV. For protons, the deposited energy decreases when we increase the incident
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energy. More explanations will be given in next chapters.

As examples, the energy loss profiles of 0.5 and 1 MeV electrons in the active
layer of an MS IP are given in Fig. 1.20. Those for electrons of energies correspond-
ing to our experiment at ELSA (5, 10 and 18 MeV) are given in Fig. 1.21. We see
a qualitative difference between the first two curves (see Fig. 1.20) and the three
curves of our experiment at ELSA (see Fig. 1.21), which are essentially flat except
for the last micrometers, where a sharp increase is to be noted. Such an increase
is due to low-energy electrons emitted from the electron multiple scattering in the
support layer.

In Fig. 1.22, the energy loss profiles of 1 and 3 MeV protons in an MS active
layer are shown. These protons stop inside the active layer of the IP. We see from
Fig. 1.23 that the energy loss profiles are clearly flattening when the proton kinetic

energy increases.

1.10 Fading measurements

As mentioned above, spontaneous electronic transitions occurs between F(Br™)
and F(I7) sites and sub-conduction band states, reducing therefore the number
of occupied F(Br~) and F(I7) at a rate constant with time. Such a phenomena
is called fading in the following. In case of LMJ, it is anticipated that the time
between the laser shot and the scanner reading of IP may be up to five hours
because of the transport of detectors from the system to the read-out scanner
and of the radioprotection procedures. On the other hand, this time was fairly low
(usually few minutes) during our calibration experiments at smaller-scale facilities.
It is therefore necessary to determine the effect of fading for this time range in
order to correct the signal amplitude in our measurements and have meaningful
results for PETAL/LMJ experiments.

Measurements of the fading effect were performed with a radioactive source
(®Fe) of activity which can be considered as constant over the whole duration
of our measurements and the duration of our experiment, to determine the time
dependence of the signal, and thus to obtain the fading functions.

Note that the fading measurements of T. Bonnet [29] were performed with three

sources 2Sr /Y, %Fe and %°Co, i.e. with some ionizing particles more penetrating
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Figure 1.20: Energy loss profiles in the active layer of an IP MS as a function of
the incident energy for electrons 0.5 MeV (on top) and 1 MeV (on bottom).

than the low-energy photons of °Fe (~ 5 keV). Anyway, the error they estimate
on the fading functions they obtain with the different ionizing particles is of the
order of 10% [29].

%Fe decays into ®>Mn with a half-life of 2.737 years. This half-life is indeed long
with respect to a measurement with a source of a few seconds, via electron capture

emitting X-ray photons with energy of 5.9 and 6.5 keV. The activity of the source
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was 808 kBq. During the measurements, the IPs were exposed to this source for
a fixed time of 90 s to provide a signal uniform in time without saturation of the
signal read-out. The uncertainty in the exposure time was within a few percents
(2 seconds). The signal on IP was read out in the scanner after various measured
times to estimate the fading functions. The fading functions of the signal with
respect to time passed since the irradiation (see Fig. 1.24) were fitted with double

exponential curves [44]:
f(t) = Ap.eCYBY 4 A, (/B2 (1.10)

The choice of the function (1.10) follows the ideas developed in Tanaka et
al. |27], Bonnet et al. |28|, and Ohuchi et al. [44] [45]:

1) The decrease dN/dt is proportional to the number of decaying sites N

2) There exists different channels of decay, of different probabilities at least two
in the level scheme principle of Fig. 1.15: one via Tunnel effect from the sub-
conduction band states to Eu* sites and one through electron transport in

the conduction band before recombination on a Eut site.

In equation (1.10), f(t) is the probability that an electron-hole pair exists at
a given time t after its creation. (A;) can be interpreted as the branching ra-
tio of channel i. (B;) characterize the slopes of the exponentials (average decay
times). The higher these numbers are the slower the curves decrease. Note that
the coefficients A; and B; do not depend on the duration of irradiation.

The function f(t) being a probability, the sum of A; is normalized to unity:
> . Aj=1. Both A; and B; are intrinsic to each type of IP and should not depend
on the ionizing particles.

The coefficients of this fit are summarized in Tab. 1.3. The values were ob-
tained using Matlab fitting tools. Additionally, Kaleidagraph was used on the
experimental data and the values mentioned in Tab. 1.3 were extracted in order
to compare them with those from Matlab. The results obtained by Matlab and
Kaleidagraph are the same. The obtained curves are normalized to the extrap-

olated signal amplitude at t = 0 (see Fig. 1.25). The uncertainty on the fading
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Ay By Ay By

MS | 0.33£0.01 | 107.32£9.7 | 0.67 £0.01 | 33974+£11235
SR | 0.58+0.021 | 15.05£1.58 | 0.42£0.01 | 3829.5+650.9
TR | 0.534£0.02 | 23.81£2.20 | 0.464+0.01 | 3837.24498.1
MP | 0.56£0.021 | 18.46+2.09 | 0.43£0.01 | 6117.54+1358.9
ND | 0.56£0.017 | 18.1841.59 | 0.44+0.01 | 3907.04+530.2

Table 1.3: A; and B; values given in minutes for five types of IP.

function measurements is about 2% because the IP is exposed for 90 s. As under-
lined in [46], the comparison between our fading functions and those determined
by [29] is almost of 8%, i.e. within the uncertainties estimated by [29] from the use
of different ionizing particles. Therefore, we took as a total uncertainty on these
fading functions this value of 10%.

It was related by Ohuchi et al. [44] that the fading effect is similar for irradi-
ation by electrons and photons, and independent of the incident particle energy.
Nevertheless the signal fading was found to be faster for ion irradiation in the same
reference. This difference was related to the higher stopping power of ions, which
causes them to deposit all their energy near the surface of the sensitive layer and
hence creating electron-hole pairs more densely in the region than deeper into the
sensitive layer. We estimated the absorption length of 5 keV photons in the IP
to be in the order of 7 um to be compared with the roughly 50 ym range of the
24 Cm-emitted « particles of Ohuchi et al. [44]. The photons in our measurement
are thus absorbed in the first micrometers of the IPs. Following the argument of
Ohuchi et al., our fading functions should be on the faster side of fading. Since for
PETAL+ we will detect essentially high-energy particles which will go through IPs,
an additional measurement of these fading functions with a high-energy particle
source may be useful.

Fig. 1.25 shows the differences between our results and the results of Bonnet et
al. [29]. They used 1.5 MeV protons and the same IP scanner. The signal fading
differs from our values up to 8 % for protons. In agreement with other works on
this topic, it is estimated that the uncertainty when applying the fading functions

to electron and ion signals is within 10 %. This systematic error must be taken
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into account.

The measurements of fading functions can be altered by the type of IP scanner
used. It was described in Ohuchi et al. [45] that differences up to 50 % can occur
between fading functions measured by BAS-1000 and BAS-5000 scanners. As can
be noticed from Fig. 1.25, the data of Tanaka et al. |27| for SR IP differ from our
data and measurements done in Bonnet et al. [29]. The authors explained the
differences by the usage of a different read-out system (BAS-1800). To compare
sets of data we chose the same conditions (same temperature, scanner), or we have
to perform relative calibrations between two scanning procedures with same source
of ionizing particles.

One also has to remember that the signal fading depends on the temperature,
as it was explained in Ohuchi et al. [44] and the fading is faster at higher tempera-
tures. The reason is that some charges stay trapped at localized defects but some
recombine with holes after irradiation for a time, depending on the temperature
and the activation energy of the traps. The measurements should therefore be
performed at controlled ambient temperature (in our case it was 22°C’), variations
of a few degrees can be considered as negligible. When working at very different
temperatures, the signal fading functions are different from what is described in
this work and new measurements may also be necessary.

Even though the p—value of the x? per degree freedom of the double exponen-
tial fit is below 1%, (x?/N ~ 0.65 for N—24) it seems that the double exponential
function does not fit as well the fading time range between 20 and 90 minutes with
an apparent underestimate of our data points for the five types of IPs. We obtain
with this three—exponential for a x?/N ~0.33 with an even smaller p—value. For
that reason, we made an attempt to fit the experimental data with three exponen-

tials:
£(t) = Apel /B 4 Ay eCVBD 4 Ay o(7/B9) (1.11)

Fig. 1.26 and Tab. 1.4 show the curves and the coefficients of the three ex-
ponential fit. The coefficients in Tab. 1.4 and the error bars are higher than the
values of Tab. 1.3.

As seen in Fig. 1.26, for the time longer than 20 min from irradiation, a three

exponential function seems to fit the experiment data on signal fading in a better
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Ay As As By By Bs
MS | 0.20+0.46 | 0.17+0.37 0.624+0.16 60.92422.6 331.14£230.5 | 110360+1.98.10°
SR | 0.2940.46 | 0.37£0.08 0.33+0.44 44.444+10.81 0081.36£732.4 0.76+1.36
TR | 0.20+0.44 | 0.22+£0.42 0.58+0.14 12.914+1.75 107.99430.46 5278.53£ 615.9
MP | 0.36+0.49 | 0.06%0.50 0.576+0 72.1648.838.10° | 72.6943.59.107 6689.9+9523
ND | 0.2940.49 | 0.06+0.49 | 0.637+2.1075 | 83.96+ 9.63.10* | 77.09+4.23.10° o175£7625

Table 1.4: A; and B; values given in minutes for five types of IP.

way when compared to a two exponential function fit.

1.11 The use of stacks in SEPAGE and SESAME

High-energy photons are produced from the interaction of PETAL with its target.
These photons come either directly from the target plasma or indirectly from the
decay of materials of the LMJ sphere activated by plasma produced photons or
neutrons. The IPs are sensitive to ionizing particles in a large energy range. IPs
should be shielded against high-energy photons above a few tens of keV (below this
value they are sufficiently shielded by the mechanical structure of the diagnostics).
The most efficient way to protect the signal in the IPs is to use high-Z material
such as tungsten. Therefore, in our work we studied the response of IP with
high Z-materials close to them. Such composite detectors are called stacks in the
following. Moreover, the presence of material close to IPs may change the IP
responses. Ensuring the independence of the IP signal in their close environment
inside the PETAL-+ diagnostics is another reason to study the IP response within
stacks.

Therefore, in this thesis, we have also performed measurements with 1Ps with
plates of tungsten and lead in order to measure the influence of this high Z-material
on the IP response. This is one of the goals of the present work, to give the results
and their comparison with the GEANT4 simulation. This type of measurement
does not exist in the literature and will allow us to determine the spectra of
particles emitted by the interaction of the PETAL laser with its target.
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Figure 1.21: Energy loss profiles as a function of the depth in the active layer of
an MS IP for electrons, for each kinetic energy value, calculated using 10* incident
particles.
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Figure 1.22: Energy loss profiles in the active layer of an IP MS as a function of
the incident energy for protons 1 MeV (top) and 3 MeV (bottom).
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Figure 1.23: Energy loss profiles in the active layer of an MS IP for protons. The
mean deposited energy is calculated using 10* incident particles for each kinetic
energy value.
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Figure 1.24: The signal of the five type of IPs as function of time (minutes) [46].
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Figure 1.26: The signal in function of fading time for five types of IPs using three
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Chapter 2

Response functions of Imaging
Plates to 0.1-1000 MeV electrons

This chapter is focused on the response functions of Imaging Plates (IPs) for elec-
trons in the energy range between 0.1 and 1000 MeV. Two experiments for the
calibration of single IPs or more complicated systems were performed at ELSA,
Bruyéres-Le-Chatel, France, where the used electrons energies are 5, 10 and 18
MeV, and at the Laboratoire d’Optique Appliquée (LOA), Palaiseau, France, with
laser-plasma accelerated electrons from 40 to 180 MeV are described. Using simu-
lations, the responses of the IPs in the energy range [0.1 - 1000] MeV are computed.
The origin of the signal in the IPs is discussed.

2.1 The response functions for IPs to 5, 10 and 18
MeV electrons at the ELSA facility

2.1.1 The experimental setup

The first of our calibration experiments was performed at the laser electron acceler-
ator ELSA, which is installed at CEA DIF, Bruyéres-le-Chatel, France. The ELSA
accelerator consists of a 144 MHz photoinjector utilizing a Nd:YAG laser system
which provides pulses with an energy of 1 J and a duration of 30 ps (FWHM) at
the central wavelength of 532 nm (see Fig. 2.1). The pulses of the driving laser

54
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are interacting with a K;CsSb photocathode with a diameter of 6 mm. Acceler-
ation cavities producing electron bunches with the energy of 2 MeV within the
injector, maximum charge of 15 nC (measured at four separate locations along
the beam propagation) and a spacing between bunches of 69 ns (repetition rate
of 14.4 MHz). It is possible to generate longer macro-bunches with a maximum
duration of 150 ps by merging up to 2000 consecutive micro-bunches. These long
macro-bunches can be produced with the repetition rate of 10 Hz. The electrons
are then accelerated by three 433 MHz RF cavities (RF1, 2 and 3 in Fig. 2.1)
of the linear accelerator stage to an energy between 5 and 18 MeV with the exit

electron bunch diameter of 1 mm [58].

e d—— | Accelermion 16 MeV 433 MHz |  —pp

Experimental area

. -
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. -
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. ARem S0 um Ti,V «
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Figure 2.1: ELSA facility. The lower part shows the experimental setup for our
experiment.

Our TP detectors were at the distance of 30 cm from the end of the linear
accelerator. The tube of the linear accelerator ends with a 50 pum thick Ti,V
window. Due to a large divergence of the electron beam after the exit window,
the signal on the IP was spread into a circle with a radius of 1.3 ¢cm (see Fig. 2.2).
The size was calculated from the Gaussian function fit as 3o width. The stopping
power for 5 MeV electrons through the Ti,V window is 7.2 MeV /em. Tab. 2.1
shows the deposited energy for electrons 5, 10 and 18 MeV through TisV window.
The energy loss on the Ti,V window can be neglected. All electrons measured by
the Faraday cup located downstream of the last set of quadrupoles irradiated our

detector, which was roughly 5 cm wide in both transverse directions.

im
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Figure 2.2: The signal detected on an IP

The charge of the electron bunch should not exceed 10 pC in order to avoid sat-
uration of the scanner read-out of the IP signal. Due to the amplified-spontaneous
emission of the driving laser and resulting continuous electron noise, the elec-
tron bunch charge measurements were inaccurate for such charges of the electron
bunches. For this reason we were not able to run in single micro-bunch mode but
rather in multiple-bunch mode. As was demonstrated by J.-P Neégre and Zeil et
al. |26, 66|, MS and SR TP responses are linear up to 60 pC for electron bunches
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5 MeV | 10 MeV | 18 MeV
Deposited energy MeV | 0.036 0.043 0.054

Table 2.1:  The deposited energy of electrons through the Ti,V window at the
end of the beam pipe.

with a few picosecond durations and overall densities up to 102 cm=2. Moreover,
a Wratten filter with the calibrated transmission of 1/434 was installed in front of
the scanner phototube to prevent the saturation of the read-out signal. The trans-
mission factor of the Wratten filter was measured in a dedicated experiment of
J.-P Négre and Tanimoto et al. |26, 67| and checked during one of our experiments
performed later (see Chap.3).

The uncertainties of the measurement are:

- 2 % from the filter transmission;

- less than 5% related to the charge measurement.

The X-rays (Bremsstrahlung) produced from the interaction of electrons with
the TisV window must, in principle, contribute to the signal detected on our IPs. In
order to determine the contribution of this effect, a measurement using a magnetic
dipole placed at the exit of the beam pipe and in front of our IP was performed. All
electrons were bent by the magnetic field and this allowed the identification of the
X-ray contribution on the IP by separating the two (see Fig. 2.3). The integration
of this identified signal provides a contribution from the Bremsstrahlung photons
produced by the electrons in the beam pipe exit window of less than 1% of the
total signal on the IP. It is therefore neglected. The magnetic dipole was thus not
used during shots dedicated to the IP calibration. The noise caused by the natural
radioactive background and cosmic rays was measured and could be neglected due
to a low value of about 0.35 PSL/mm? (i.e. 1073 PSL/px).

2.1.2 The response calibration of single IPs

The first step of the experiment is the calibration of single IPs. The response of
IPs is the average number of PSL per incident particle corrected for the fading

effect (see the introduction). The PSL signal is selected from the area defined
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Figure 2.3:  (a) The signal detected in the IP placed behind a dipole magnet
installed at the exit of the beam pipe. The small spot corresponds to the X-rays

signal and the big spot to the electrons signal. (b) the PSL values as a function
of the distance of a horizontal profile of the IP.

by a dashed circle in the IP scanned image (see Fig. 2.2). A value of the RMS
(d=4357 pm in this figure) was obtained from the Gaussian function which fits
the signal very well. This width is a convenient choice when edges of normally
distributed data must be specified as it contains 99.7% of all values. We therefore
integrated the signal in a radius of 1.3 cm (= 3 RMS).

Each measurement is repeated five times providing therefore the relative uncer-

tainty of the measurement. Moreover, these measurements were performed with
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different samples of each IP type. The relative uncertainty we obtain is, at the
level of the beam charge measurement, ensures we have a good homogeneity of the
IP responses.

The response of each type of IP is the mean of the five measurements. The
relative deviation between each measurement is 5%. Tab. 2.2 and Fig. 2.4 present
the response of MS, SR, TR, MP and ND IPs, using 5, 10 and 18 MeV electrons.
The response function values for IPs are almost constant when the electron energy
increases from 5 to 18 MeV. Looking at Tab. 2.2, we note that the IP sensitivities
increase from ND to TR to SR, MP and MS.

As detailed in Tab. 2.3, we consider four sources of errors. The error in the
charge measurement is included in the relative uncertainty. We add quadratically
the related uncertainties on the fading correction and the uncertainty on the Wrat-
ten filter transmission to a total error of 12%. We underlined here that this error
holds for our scanner. Anyway, in order to take into account the dependence of
the IP responses on the read-out (scanner, temperature etc ...) we took a con-
servative 20% error on the measurements, as show e.g. in Tab.2.2. Our results on

SR IPs are in agreement with the existing data as shown in Fig. 2.4.

E(MeV) MS SR TR MP ND
5 220 +44[59+1.2[45+09|147+29]42+08
10 | 225+50| 6+1.2 |46 +1.0|155+3.1|43+0.5
18 | 255+51|66+13] 51+1 [162+32|47+05

Table 2.2: The IPs responses in mPSL /e™.

As described in the introduction, two methods are used to calculate the sen-
sitivities «v in the following. The first method is Hidding et al. [25] model. We
assumed that the response of the IP is proportional to the deposited energy in
the sensitive layer of the IP. The « values were determined for each type of 1P
separately as the mean of five measurements for all energies.

The calculated values of the sensitivity coefficients v are shown in Tab. 2.4:

The second method is Bonnet. [29] model which takes into account the absorp-
tion of the scanner and the PSL photons. We should mention that the stopping

power is almost constant in the active layer of IP between 5 and 18 MeV electrons
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Figure 2.4: The measured electron response functions for the MS, SR, TR, ND
and MP IP.
Error sources Error values
Relative uncertainty 5%
Fading correction 10%
Charge measurement 5%
Wratten filter transmission 2%
Total error 12%

Table 2.3: FError bars. The error on the charge measurement is a contribution of

the relative deviation.

a in (10-4) PSL/keV

MS

SR

TR

Our work

5.2 £1.04

1.4 £0.28

2.80 + 0.60

Table 2.4: The « values using the Hidding et al. model [25].
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ain (1074) PSL/keV | MS SR TR
Our work 6.8+1.3 | 22405 | 47+09
T. Bonnet et al. [28] | 6.95 + 1.6 | 3.33 £ 0.8 | 4.85 + 1.35

Table 2.5: The « values using Bonnet et al. model.

(See the introduction, Fig. 1.21 is almost constant), except for the last microm-
eters where we can see the contribution of the backscattered particles from the
support layer. The increase due to this contribution is small. The integration
is done analytically and the estimation of o with our data needs the use of the
absorption length parameter L determined in [28].

The « values of the sensitivity coefficient were determined for each type of IP
separately and the calculated values of the sensitivity coefficients a are shown in
Tab.2.5. From this table, we can see the agreement between our values and the
literature. The largest difference being 1.03 o for SR IP.

Using the sensitivities @ we determined from our data along with GEANT4
calculations and the absorption length L of the model of Bonnet et al., we have
calculated the response functions of five types of IPs (MS, SR, TR, MP and ND)
in the range [0.1-1000] MeV as shown in Fig. 2.5. From this figure we see the
agreement between Hidding et al. and Bonnet et al. models |25, 29| for energies
above 1 MeV and small differences for energies below 1 MeV. The small differences
are directly connected to the non-flat energy loss profiles of low-energy electron,
as shown in Fig. 1.20. Such a difference will increase towards lower kinetic-energy
values, for which the electron range in the active layer, and in the protection layer
for SR and MS IP, begins to be of the order or smaller than the thicknesses of
these layers. For example, as computed with the NIST/ESTAR data base [50],
the range of 0.1 MeV electrons in the active layer of an MS TP is approximately
80 pm, i.e. smaller than the active layer thickness (115 pm).

We also see that our simulations show a good agreement with the experimental
data of Chen et al. [22], and the responses of IPs above 1 MeV are constant.
The TP MS is more sensitive and the response is larger than for TP SR and TR.
The signal in the MS IP is higher than in the SR IP even though they have the

same thickness of the phosphoric film. This difference may be due to a different
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atomic composition of the phosphoric layer. Therefore, we may conclude that the
atomic composition of the sensitive layer of MS IP is more efficient than the atomic
composition of the sensitive layer of SR IP. We see also that the signal of TR IP is
lower than the signal of MS IP. This difference may be related to the active layer
thickness difference between TR IP on one hand and SR and MS on the other
hand.

® MS-This work ® SR-This work
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M  SR-Tanaka et al. x*  SR-Nakanii et al.
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Figure 2.5: The response function for five types of IPs using two models that I
described in this section, and comparison with the simulation GEANT4 and with
the litterature.

2.1.3 Measurement of the relative sensitivities of different
IPs with respect to the MS IP

In order to complete our measurement of the absolute IP responses and to eliminate

the systematic uncertainties coming from the charge measurement or from the
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scanning process, we installed in the beam a setup consisting of an MS IP used as
a reference detector and a detector composed of stripes of various IPs (MS-ND-TR-
MP-SR) (see Fig. 2.6). With GEANT4 we checked that the energy losses of the
electrons in both detectors are not influenced by the presence of the other in the
beam. We did four identical measurements of this type. The ratios obtained from
the measurement of sensitivities of different IPs are given in Tab. 2.6. Since this
measurement allows to get rid of the main sources of uncertainty leaving just the
uncertainty on the ratio of the fading corrections, we estimated the experimental
errors of these ratios to be a few percent. We compared to these values the ratios

of the sensitivities determined previously multiplied by the ratios of energy losses
computed with GEANT4 (Eq. (2.1)).
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Figure 2.6: Recorded signal of the IP MS and a stripes made by various types of
IPs.
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E(MeV) SR/MS TR/MS MP/MS ND/MS

5 rel. | 0.27 £0.03 | 0.2 &£ 0.02 | 0.66 £ 0.07 | 0.19 £+ 0.02
sim. | 0.26 4+ 0.07 | 0.21 £ 0.06 X X

10 rel. | 0.28 £0.03 | 0.2 &£ 0.02 | 0.63 £ 0.06 | 0.19 £+ 0.02
sim. | 0.26 4+ 0.07 | 0.21 £ 0.06 X X

18 rel. | 0.25 £0.03 | 0.19 £ 0.02 | 0.61 £ 0.06 | 0.18 £+ 0.02
sim. | 0.26 4+ 0.07 | 0.21 £ 0.06 X X

Table 2.6: Ratio between the stripes made by various types of IPs and the MS

IP.

2.1.4 Influence of the incident angle

SESAME and SEPAGE spectrometers will measure the electron and proton energy
spectra at PETAL. In these two diagnostics, the incident angles of the particles
impinging on the IP with respect to the IP normal will be as high as 80°. In our
experiment at ELSA, an TP MS was rotated at angles between 0 to 45° with respect
to the beam axis. The maximum angle was limited in this experiment because the
profile of the electron beam became larger than the area of the detector when
the angle exceeded 45°. The purpose of this measurement is to see the detection
response of the IPs as a function of the angle. 10 MeV is the electron energy used
for this measurement. As we can see from Fig. 2.7, the sensitivity increases when
the angle increases very slightly in our experiment. GEANT4 simulations are in a
good agreement with the experimental data. Note that each type of measurement
was repeated 3 times to make results statistically more accurate. The curve is fitted
by 1/cos(#) as in Tanaka et al. [27]|, which corresponds exactly to the increased
path length with the oblique incidence effect through the IP active area. We should
note in Fig.2.7 that 1/cos(f) law describes the GEANT4 simulations rather well
up to 50° for 5 MeV electrons and approximately 60° for 10 and 18 MeV electrons.
The divergence between the 1/cos() law and the GEANT4 predictions come from
the contributions of secondary particles. Notice that in this energy range, the
electron range in the active layer material can be estimated to be larger than 1
cm, i.e. much more important than the active layer thickness [50]. Therefore, the

dependence of the TP response on the electron energy can be neglected here.
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The errors in the angles are 4% and are given by the positioning accuracy of

the IP. The errors on the responses of IP correspond to the total error.
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Figure 2.7: The response of IP signal in function of the incident angle.

2.1.5 Influence of tungsten plates placed around the TP-MS

As explained in the introduction, the IPs used in SEPAGE and SESAME will have
to be shielded against high-energy primary and secondary photons produced by
the interaction of PETAL with its target. For this purpose, high Z-material with
various thicknesses placed behind or/and in front of the IP will be used. Moreover,
in these diagnostics, for electrons, IPs will be placed in front of an aluminum
support of 2 mm thickness, and installed in a tight mechanical structure. As for the
ion and proton detectors, they will be placed in front of a 5 mm tungsten shielding
plate. The presence of these mechanical parts may modify the IP response. The
influence of the support on the IP signals must thus be well known in order to

determine the particle spectra and to allow good detection conditions in the IP.
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To study such an influence we measured IP responses inside stacks of IPs and
high-7 plates.

In our experiment, various tungsten plates with a thickness between 1 and
5 mm, are placed behind an MS IP. The three energies (5 MeV, 10 MeV and 18
MeV) were used for such a study. As we can see from Fig. 2.8 the signal increases
by 60% up to 2 mm of tungsten for electrons of 5 MeV. Above 2 mm of tungsten
the signal does not vary, for all energies. In order to compare the experimental
data with the simulation, the electron sensitivity of a single TP MS is used and
shown in Tab. 2.4. We see that the simulation results are in good agreement with
the experimental data. For 18 MeV the signal increases by 10-20% and 25-30% for
10 MeV electrons. The relative error on the response functions is 5%. We conclude
that the increase of the signal depends strongly on the electron energy and 1 mm
of tungsten layer is enough to make it independent of the material behind the IP.
This will improve also the signal to noise ratio of our detectors, which is important
especially during the PETAL laser energy ramp up at the beginning of operations.

A simulation to determine the origin of the signal in MS IP with tungsten
behind was done. Fig. 2.9 shows the results for electrons of 5, 10 and 18 MeV.

The ratios Q(I) defined in Eqs.(2.2) and (2.3) are used in Fig. 2.9. By defi-
nition, Q(I) is only sensitive to the relative uncertainty of the measurement, i.e.
independent of the absolute efficiency of the reference detector. I is the index of
the measurement.

For the simulation :

_ Edep(MS(I))
Q) = Edep(MS(0)) (2:2)
For the experimental data:
_ RQMS(I))

The three curves depict contributions in the electron energy loss inside the
active layer of the MS IP : 1) primary particles (orange); 2) primary particles +
secondary particles (yellow); 3) primary particles -+ secondary particles + photons
(green). It must be underlined that with our simulation the reference detectors

response (R(MS(0))) is computed with all the contributions taken into account.
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Figure 2.8: The response of IP signal as a function of the thickness of tungsten
plates placed behind the IP.

The yellow curve is from 50% to 100% higher than the orange curve. The green
curve is higher by a few percent than the yellow curve. This means that the
additional amount of the signal comes from the interaction of secondary photons
with the IP active layer which produce low-energy electrons that stop inside the
[P active layer and increase the total amount of signal.

The last part of the experiment is the measurement of stacks composed of
multiple MS IPs and tungsten layers. i.e. with IPs shielded with tungsten in the
back and in the front. We must underline that inside SEPAGE the high-energy

the charge particles come from the back. Therefore, shielding IPs in the front may
also be necessary.

Two types of stacks were chosen as a mock-up detection system in SEPAGE
and SESAME for electrons below 20 MeV. One of the stacks, for the low-energy
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Figure 2.9: Q(I) as a function of the thickness of tungsten filter.

channel in SEPAGE is composed of TR IP+tungsten (0.1 mm)-+MS IP+tungsten
(2 mm). As mentioned before the TR IP is not covered by a protective layer. The
reason for using a TR-IP as a first layer is to detect very low-energy particles.
Note that the low-energy channel in SEPAGE covers the energy range of [0.1 - 20
MeV|. The other mock-up, for the high-energy channel is composed of tungsten
(0.1 mm)-+MS+tungsten (0.1 mm)+MS+tungsten (2 mm). In order to slow down
the particles, tungsten with high Z-material is placed in front (see Fig. 2.10). The

presence of tungsten in the stack is needed in order to add backscattering effect
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to the signal detected in IP, and thus increase the signal quantity in a defined

manner. The used value for the sensitivities are that for single IPs.

(a) (b)

Figure 2.10:  The compositions of two stacks tested at ELSA. (a) is the stack
L.E to detect low-energy particles and (b) is the stack H.E to detect high-energy
particles.

Figures 2.11 and 2.12 show the obtained experimental results and the com-
parison with GEANT4 simulations using the model of Hidding et al. [25]. Note
that in the energy range used at ELSA, both models of Hidding et al. and Bonnet
et al. are equivalent essentially because of the constant energy loss profile of the
electrons in the active layer of the IPs as previously described. In each figure the
responses of the IPs in the stacks are compared with that of a single IP. As shown
in Fig. 2.11, the response of the IPs in the stack is increased by approximately
50% at 5 MeV for the MS type and 30% for the TR IP. This increase is reduced
for the two other points, at 10 and 18 MeV. For the high-energy stack we see from
Fig. 2.12, that the response of IP MS2 within the stack increases by a factor of
2.53 at 5 MeV, 2 at 10 MeV and 1.5 at 18 MeV.

Comparing these results to what we found in the previous section with tungsten
behind IP, we conclude that contributions from tungsten in front of the IP is
important.

The signal of the IPs in the stack is larger than the signal of a single IP (see
Figs. 2.11, 2.12). Simulations were used to determine the physical origin of the
increase of signal on the IP for both stacks (low and high-energy). We see from
Figs. 2.13, 2.14, 2.15 and 2.16 where the quantity Q(I) defined above is used, the
contributions in the electron energy loss inside the active layer of the MS IP. The

primary and secondary electron energy loss curve is higher (by 60% and 80%) than
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Figure 2.11: The response of MS and TR IPs of the "low—energy" stack, compared
to the GEANT4 simulation.
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parison with the simulation GEANT4.
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the primary electron energy loss curve, The full calculation curve is higher by a few
percent than the primary and secondary electron energy loss curve, which means
that the additional amount of the signal comes essentially from the interaction of
secondary electrons with the IP active layer which produce low-energy electrons
and gammas absorbed inside the active layer that increase the amount of signal.
As mentioned above, in these stacks, the main additional contribution to the IP

signal comes from the tungsten in front of the IPs.
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Figure 2.13: The ratios Q(I) for the MS IP in the "low—energy" stack (see text
and Fig. 2.11 for the definition of this stack).

2.2 The response functions of IPs to electrons in
the 40-180 MeV range at LOA facility

The IPs were calibrated using an electron laser-plasma source at the Laboratoire
d’Optique Appliquée (LOA), Palaiseau, France for electrons in the hundreds MeV
range. The setup consists of the electron source, a magnetic spectrometer and

a Lanex screen as the reference detector to measure the electron beam energy
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Figure 2.14: The ratios Q(I) for the TR IP in the "low—energy" stack (see text
and Fig. 2.11 for the definition of this stack).
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Figure 2.15: The ratios Q(I) for the MS1 TP in the "high—energy" stack (see text
and Fig. 2.12 for the definition of this stack).
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Figure 2.16: The ratios Q(I) for the MS2 IP in the "high—energy" stack (see text
and Fig. 2.12 for the definition of this stack).

spectrum and charge.

2.2.1 Experimental setup

The laser-plasma electron accelerator located in the “Salle Jaune” at LOA is a
high-energy electron source. It is described in some details in S. Corde et al. [71].
It is an evolution from a setup first used by A. Rousse et al. [61]. The laser
source provides pulses with a duration of 30 fs, a maximum energy of 2 J after
compression and a maximum repetition rate of 1 Hz. The central wavelength of
the laser is about 800 nm. The interaction of the short-pulse laser of 60 TW with
an underdense plasma occurs in a helium gas jet target. The electron density
reached in this setup is of the order of 10 em—3.

The laser pulse was focused on a helium gas jet target produced by a supersonic
Laval nozzle with a typical backing pressure of a few bars. The gas in this regime is
quickly ionized by the rising edge of the laser pulse, and underdense plasma, which
the laser pulse can propagate through, is created. The laser pulse pushes electrons

within the plasma out of regions with high laser intensity by the ponderomotive
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force (ions can be considered motionless due to their high mass) and a moving
plasma wave called "wakefield" is created. When electrons are injected into the
accelerating phase of this plasma wave, they can be effectively accelerated. A
typical accelerating length of hundreds of micrometers is achieved in the millimeter-
scale plasma [75]. This way, electrons can be accelerated to energies of up to a few
hundreds of MeV during the experiments.

This accelerator generates electron bunches up to hundreds of MeV with a tens-
of-femtosecond duration, a divergence below 5 mrad and a charge up to 100 nC.

The calibration process of our detectors requires an independent measurement
of the charge and energy of electron beams. A magnetic spectrometer consisting
of a dipole magnet system to disperse electrons based on their energy was used
in the experiment. The electrons behind the magnet were detected by a Lanex
screen and a CCD camera. From the absolute calibration of this diagnostic system,
we were able to obtain the electron beam charge necessary for our purpose. The
main advantage of the setup was the possibility to insert imaging plates into the
system between the magnet and Lanex screen without noticeably perturbing the
measurement on the Lanex screen. We computed with GEANT4 simulations that
electrons in the energy range covered by our experiment were hardly affected by
our thin detectors and that the Lanex screen was far enough from our detectors
not to influence them. Therefore, it was a suitable method of diagnostics for our
needs. This can also confirmed directly during the experiment by comparing the
images obtained on the TPs with those on the Lanex screen (see Fig. 2.20 below.)

Our setup of the electron diagnostics allowing the TP calibration was installed
outside the interaction vacuum chamber. The dipole magnet and the position of
the Lanex screen with respect to the magnet define the energy range for which the
spectrometer can be used. In addition, the wall of the vacuum chamber provides
an extra shielding of the electron diagnostics from the radiation of the laser-created
plasma in the target area. The angular scattering as well as the energy losses of
the generated relativistic electrons in the vacuum window and in the air outside
the chamber were small and can thus be neglected. Moreover, due to the elec-
tron energy measurement setup being placed outside the chamber and the fact
that the IPs were placed behind the electron spectrometer, the vacuum chamber

with the laser-plasma accelerator inside can be considered (for the purpose of the
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50 MeV | 100 MeV | 150 MeV
Deposited energy MeV 1.45 2.24 10.69

Table 2.7:  The deposited energy of electrons in the 1 ¢cm vacuum glass window
of the setup.

IP calibration) as a black box providing the relativistic electron beams, because
all properties of the electron beams are measured outside the vacuum chamber.
Another advantage is to save time on switching IPs, installing stacks of IPs and
high-Z filters, and minimizing the fading of the IP signals as well as optimizing
the time efficiency of the experiment.

The dipole magnet consisted of two plane magnets, between which electrons
are passing through the gap of length L ,, = 100 mm, width l,,; = 100 mm and
height hy,,, — 10 mm (see Fig. 2.17). The dipole magnetic field was measured to
be B = 1.1 T in the gap and 0 outside. The fringe field zone was measured to be
sufficiently small to neglect its effect on the electron transport. A magnetic field
of this kind hence provided conditions to derive analytical formulas for electron
trajectories through the setup.

The electrons accelerated by the laser wakefield acceleration were propagating
through a glass window of 1 cm thickness. The average energy loss of the electrons
in this window was in the order of a few MeV. The energy losses of the electrons
in the vacuum window is shown in Tab. 2.7. Its effect on the energy spectra does
not have to be taken into account in our experiment since the electron beams were
characterized by the magnetic spectrometer downstream.

The electrons were entering the magnet system (See Fig. 2.17), which was
at the distance Djy = 800 mm from the electron source. One of the edges of
the Lanex screen was placed on the magnet axis at a distance Dy, = 160 mm.
The Lanex screen was positioned at the angle Op...x = 48° with respect to the
direction orthogonal to the laser axis and the length of the screen in the dispersive
plane of the system was Lp..ex = 170 mm. By introducing a coordinate system
(x,y) with the origin Oy, = (0,0) at the intersection of the electron trajectory with
the front edge of the magnet (the x-axis following the laser axis, see Fig. 2.17), it
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Figure 2.17: The setup of the spectrometer and the definition of the parameters.

can be written for the coordinates of electrons at the magnet exit:

(x0,¥0) = (Limag, R = /R? = L.{,,,) (2.4)

mag

where R is the electron trajectory radius in the constant magnetic field B:

~ Pymec

R eB

(2.5)

In this formula, § = v/c is the electron velocity normalized to the speed of light
¢, v =1/4/1 — B2 is the relativistic Lorentz factor, m, is the electron mass and e
is the electron charge. The coordinates of the intersection of two straight electron

trajectories before entering and after exiting the magnet can be written as:

X5+ Y5
2X0

(XC)YC) = ( 70) (2'6)

Another point to consider is the intersection of the straight trajectory of electrons

after exiting the magnet and the Lanex screen. We can write its coordinates as:

Lma D — X¢
(XX’ YX) - (Lmag + DML - YXtan(eLaneX)v YO( S + P X ) > .

2.7
Xo — X¢ + yotan(eLanex) ( )
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We also introduce the electron dispersion defined as sx = yx/cos(OLanex)- 1t rep-
resents the distance from the point Oy, on the experimental axis. The dispersion

curve sx = f(E) obtained using the parameters given above is shown in Fig. 2.18.
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Figure 2.18: The dispersion along the Lanex screen (¢cm) with respect to the
electron energy (MeV). The active zone of Lanex from 0 to 17 cm and the energy
range covered by the Lanex screen is from 36.9 to 462.7 MeV.

All formulas given above do not take into account the divergence of the electron
beams. Our setup, however, allows measuring the divergence in the non-dispersive
dimension using the signal on the imaging plates and on the Lanex screen. This
total divergence comes from the convolution of the electron beam divergence at
the laser-target interaction point and of multiple scattering of the electrons in the
glass vacuum window. An average spatial spreadth of 7 mm (FWHM) on the
Lanex screen (as can be seen in Fig. 2.20) was taken.

When taking into account the dispersion curve of Fig. 2.18 this spatial spreadth
corresponds to an energy spreadth between 2 and 10 MeV in our energy range.
This is of the order or lower than the energy bins of 10 MeV we took for the energy
dependences of our detector responses.

The Lanex screen consists of a polyester support of 178 um and a phosphoric

layer of 84 pm which emits visible light (around 546 nm) when an ionizing particle
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Figure 2.19: The Lanex screen composition and thicknesses.

such as an electron passes through. It is composed also of a support and a thin curl
(see Fig. 2.19). We assume that the emitted energy is proportional to the energy
deposited in this layer by the particles. This can be done as long as electron
energies are above 1 MeV, where the energy deposited in the phosphoric layer of
the Lanex screen becomes independent of the incident electron energy [33]. The
fraction of the photons, which are emitted by the Lanex screen and which escape
its back side, is then collected by the pixels of a camera and converted into a
recorded signal based on the quantum efficiency of the CCD. Fig. 2.20 shows a
recorded signal simultaneously on an IP and on a Lanex screen.

The comparison of the signal on the IP and the signal on the Lanex screen
allows an absolute positioning of the IP with respect to the Lanex screen and to
the magnet transport as long as the detector in front of it can be considered as
"thin". This enables the electron energy calculation on the IP. We verified this
method by comparing profiles of the signals obtained from imaging plates and from
the Lanex screen in the same shot, as explained and quantitatively compared in
Fig. 2.21. The signal shape is the same for both detector types, and therefore can
be used to correct the position of the imaging plate.

There is a small difference in the compared signals in the Lanex screen and
IP, which is caused by the thickness of the detectors and the non-perpendicular

trajectories of the electrons. The error in the energy determination due to this
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Figure 2.20: Comparison of the recorded signal on the Lanex screen with the signal
on the TP.

effect is smaller than the error caused by the divergence of the electron beam,
and can thus be neglected. The average energy loss of electrons is AE ~ 160
keV. Using the largest value of dispersion in our energy range of this setup, which
corresponds to g—g ~ 0.3 cm/MeV and thus 0S= 120 pum, this corresponds to a
maximal shift of 0.5 mm.

For selected energy interval (in our case the intervals are chosen to be the size
of 10 MeV), both the charge from the Lanex screen and the PSL from the IP were

calculated. PSL /e~ can then be determined for every energy interval.

2.2.2 Electron spectrum measurement

The spectrum and charge measurement with the Lanex screen requires a compre-
hensive amount of information about all parts of the experimental and diagnos-
tic setup. These parameters were either measured in the laboratory [33] or can
be calculated. The scintillator layer of Kodak Lanex Fine contains molecules of
Gdy0,S : Th with the density p(Lanex)—7.44 g/cm? and with the phosphoric sur-

2

face loading hg=0.033 g/cm?®. The number of photons N, created in the Lanex

phosphoric layer at the central wavelength per incident electron can be calculated
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Figure 2.21: The comparison of the signal profile obtained from an imaging plate
(blue) and the profile detected by the Lanex screen (red). The amplitude of the
uncalibrated profile is normalized to unity in order to compare the shape of profiles.
The relative position of profiles is changed based on the position of the maxima.
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where E,,=2.27 eV is the energy of photon with the wavelength of 546 nm (other
wavelengths will be absorbed inside a bandpass filter in front of the CCD camera),
e is the fraction of the energy loss converted into phosphoric photons and dE/dx
is the stopping power (combined together edE/dx = 1.8 + 0.2 MeV /cm represents
the measured yield of electron kinetic energy that is transformed into visible light).
Note that this yield is energy independent for electron energies above 1 MeV (as
is stated above). Furthermore, 0= hg/ppranex-cos(60,) is the equivalent thickness
of Gd305S, 0, = Opanex — 0. is the angle between the electron trajectory and the
normal to the Lanex screen, and the angle of the electron trajectory relative to the

x-axis is 0, = atan(yx/(xx — x¢)). the formula of the number of photons collected
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by a single pixel of the CCD camera per photon created in the Lanex screen is:

choll
dNe,

= (g(fcep)aidward? (2.9)

where ( = 22% is the transmission output factor of photons, g(6ccp) = cos(Ocep) /™
is the angular distribution of photons escaping the Lanex screen |73] where Occp is
the angle between the CCD camera and normal to the LANEX screen, ¢ = 0.95,
dw = 0.95 and gy = 0.36 are transmission factors of the camera lens, the camera
window and the bandpass filter, respectively, and 6€2 = 0.002 sr is the solid angle
of collection (given by the area of the camera lens and the distance of this lens from
the Lanex screen). In order to detect phosphoric photons we used a 16-bit CCD
camera Andor DV-420. This camera has a quantum efficiency QE = 26.5% at
546 nm and —20°C, and r=7 electrons are needed to create one count. Therefore,

the CCD yield is:
chts _ QE

choll I

The formulas presented above, allow to derive the relationship between the number

(2.10)

of electrons that reached the Lanex screen and the CCD signal:

Cts(Eo) dsy
dNel (E ) _ 5spix dE
dE 0) = dNer choll dNets
dNel dNey choll

(2.11)

where Cts(Ey) is the integrated number of CCD counts corresponding to a given
energy Fy, ds,/dE is the differentiation of the dispersion with respect to the energy
E, and dspix = 0.257 mm is the pixel size projected on the Lanex screen. By
substituting all parameters and formulas mentioned above into Eq. (2.11), the
spectrometer system can be absolutely calibrated and electron spectra (the number
of electrons per MeV with respect to their energy) for the laser-plasma electron
accelerator are obtained. An example of a measured electron spectrum is shown
in Fig. 2.22.

In order to prevent the alterance of the signal in the CCD camera by incoming
electrons, a silver mirror with a reflection coefficient of 97% was placed between
the CCD and the Lanex screen.

The reflection coefficient is taken into account in the electron charge calcula-
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Figure 2.22: An electron energy spectrum obtained after deconvolution of the
Lanex screen images. The amplitude of the spectra was determined using the
parameters mentioned in the text.

tions in the rest of our study done at LOA facility.

The camera was shielded by 11 cm of lead brick, to protect it from X-rays.
A small amount of X-rays still reach the camera during the exposure. Hence, by
using the background substraction and median filter of 4x4 px area around each
pixel of the CCD camera, the influence of detected X-rays on the camera was
determined and found to be negligible.

The steps from the generation of the signal on the Lanex screen until the
collection on the CCD needs uncertainty in the determination of the electron
charge. The uncertainties are:

1/ 1% is the transmission factor of the green bandpass filter
2/ 1% in the transmission factor of the camera lens
3/ 1% in the photon collection by the CCD

Information about the measurement uncertainties, transmission factor of the

interference filter and of the window used in the characterization done by Glinec et

al. [33] is missing. Hence, if we consider these uncertainties in the photon collection
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during our experiment, we obtain an error of 3% from the quantified uncertain-
ties (linear sum). This is smaller than the relative uncertainties we estimated by
repeating the IP response measurements several times during the experiment (be-
tween 5 and 7 times) [47]. As for the ELSA experiment, in particular to test the

homogenity of the Imaging Plate responses.

2.2.3 Responses of Imaging Plates

Fig. 2.23 and Tab. 2.8 show the Imaging plate responses (in PSL/e™) for three types
of IPs in the energy range [40-180] MeV. For MS IP we have data above 120 MeV,
for which we have sufficient signal. For each type of IP we corrected the measured
responses for the effective thickness variation as a function of the detector position
and therefore of the electron energy. We took into account that the electrons were
passing through IP under various and non-zero angles with respect to the detector
normal based on their energy (e, from —8° for E— 40 MeV to 37° for E— 180
MeV). Indeed, a multiplication factor cos(fperp) for the normalization of the IP
signal to the electron trajectory normal to the IP detection was introduced.

From Fig. 2.23, we can see that the IP MS is more sensitive and the PSL/e™
quantity is larger than for IP SR and TR. This confirms what was observed at
lower energy with the ELSA electron facility.

We can conclude from the same figure that the IP response to electrons is almost
constant when the energy of electrons is increased, and our experimental data are
in agreement with our previous experiment at ELSA and Tanaka et al. [27], [46].

In order to estimate the relative errors, the measurements were repeated seven
times for each type of IP. The relative standard deviations are 5% for MS, 7% for
SR and 3% for TR. The absolute error bars are larger than the relative error and
are discussed below.

We fitted these results with one sensitivity parameter « for each type of IP.
We used both models of Bonnet et al. and Hidding et al. Using these values
of the sensitivities we computed the PSL /e~ responses and the comparison with
GEANT4 simulation between 0.1 and 1000 MeV is shown in Fig. 2.24. In this
figure, using Bonnet et al. (solid lines) and Hidding et al. (dashed lines) models,
we provide the absolute responses for the MS, SR and TR IP over [0.1-1000] MeV
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Figure 2.23: The responses for each type of IP as a function of the electron energy.

E(MeV) | MS (1072 ) PSL/e~ | SR (103 ) PSL/e~ | TR (1073) PSL/e~
70 1.940.4 5.841.2 3.7+0.7
80 2.0+0.4 6.1+1.2 3.840.8
90 2.140.4 6.5+1.3 4.0£0.8
110 2.2:40.4 6.9+1.3 4.140.8
120 2.340.4 6.2+1.2 4.4+0.9

Table 2.8: The responses of Imaging plates at different electron energies

energy range. Both models are close in the energy range above 1 MeV which is in
fair agreement with our experimental data as well as the data from our previous
experiment at ELSA and Chen et al. [22]. Below 1 MeV these two models diverge
because the dE,/dz profile is not constant inside the IP active layer.

As shown in Fig. 2.25, the stopping power in the active layer using high-energy

electrons is constant except at the last micrometers of the layer, where additional
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Figure 2.24: The response of IPs with respect to the incident electron energy.

contribution from the support layer can be seen, which can be taken out of the
integral and the profile is integrated numerically. For this reason, both models are
considered equivalent in our case. The sensitivities shown in Tab. 2.9 are calculated
using the method of least squares and reproducing experimental points within the

errors. The values show a good agreement with our results at lower energies.

2.2.4 Error estimation

In our experiment the fading time was 2 minutes with a few seconds uncertainties.
The fading was 2 % for MS, 5 % for SR and 15 % for TR. Hence, the uncertainty for
the fading correction is 7% of 2 %, 5 % and 15 % respectively and hence negligible.
At the ELYSE facility the detection system composed of the Lanex screen and the
CCD camera was calibrated by our collaborators of LOA [33]. The uncertainty on

the absolute number of electrons given by the Integrating Current Transformers
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Figure 2.25: The stopping power of the IP MS for 30 and 100 MeV electrons
along the thickness of the active layer.

(ICT) was determined to be around 50%. Anyway, the absolute uncertainty using
the same type of measurement is estimated at only the 10% level in [74]. Due to
the differences on the uncertainties between [33] and [74], we decided to estimate
them from our own data sets. In this respect a comparison of our data with those
of our experiment at ELSA [46] is interesting.

As shown in the second column of Tab. 2.10, the sensitivities from ELSA were
multiplied with the average deposited energy of the obtained calculation from
GEANT4 simulation. In the third column, we calculated the mean value for each
type of IP. The fourth column contains the RMS of the different measurements
in our experiment, as can be seen at the few percent level. We see an agreement
between our data and the values obtained using the ELSA sensitivity values at
the 3.6% level in average. From this table we see the errors are compatible with

our previous experiment at the 20% level, well below the 50% incertainty of the
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a in (1074) PSL/keV | Our results | Boutoux, Rabhi et al.
Qs 5.0 £ 1.1 6.8 £ 1.3
asR 1.9 + 1.3 22+ 05
QTR 3.0 £0.8 47+ 09

Table 2.9:  Sensitivities extracted from the data of LOA experiment (second
column) and of the ELSA experiment (third column) using Bonnet et al. model.

ELYSE calibration.

Type | a (ELSA)*Edep (GEANT4) (10-2 PSL) | Mean (PSL/e-) (10-2) | RMS
MS 2.7+ 0.54 2.1+ 0.45 4%
SR 0.7+ 0.13 0.6 = 0.15 4%
TR 0.5+ 0.1 0.4 £ 0.07 2.6%

Table 2.10: Comparison between this work and estimates using IP sensitivities
obtained by our work at ELSA.

2.2.5 Influence of tungsten behind and in front of the Imag-
ing Plates

We performed IP response measurements with tungsten plates positioned behind
the IP. As done for the ELSA data, we define Q(I) as the ratio between the response
function of an IP(I) in the stack and the signal of a single IP of the same type:

Q(I) = R(IP(I))/R(IP(0)) (2.12)

[ is the index of the experimental configuration. The error on Q(I) is only driven
by the relative error on the readout of the IP responses and on the difference
of fading times between the measurement of the simple IP of reference and the
measurement of the IP in the stack. It is particular independent from the absolute
calibration of the reference detector. We have taken this error 5%, corresponding

to the fading uncertainty.
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In Fig. 2.26, we can observe that the signal of the MS IP increases by 30% when
1 mm of tungsten is added for 70 & 5 MeV electrons. The response is constant
when more tungsten is added. This result confirms our work at ELSA [46]. We
conclude therefore, that 1 mm of tungsten will be sufficient for the detectors of
the PETAL+ — SESAME and SEPAGE to have the signal on IPs independent of

the material close behind them.

® 70MeV (LOA)

Q)

0901  _—70MeV (GEANT4)

— 70 MeV GEANT4 (primary electrons energy losses)

ar 70 MeV GEANT4 (Primary+ secondary electrons)
energy losses
0,50 + + ‘ +
0 1 2 3 4 5

Tungsten thickness (mm)

Figure 2.26: Effect of tungsten behind the IP with electron 70 MeV.

A stack shown in Fig. 2.27 was used in order to test the effect of tungsten
shielding between and in front of the IP. This stack is composed of five MS IP and
three tungsten plates of 1 mm thickness each.

The evolution of Q(I) with the electron energy is shown in Fig. 2.28, for I =
1,...,5. We notice that for all I and electron energies we have is Q(I)>1. Hence,
the signal of the IPs in the stack is larger than the signal of a single IP. Moreover,
this additional signal can be up to 100% of the single IP response.

Simulations were used to determine the physical origin of the increase of signal
on the IP. We see from Fig. 2.29 the additional amount of signal in the IP for 100
+ 5 MeV electrons. The three curves of Fig. 2.29 depict the contributions to the
electron energy loss defined above. The orange curve is higher by 50-80% than the
blue curve, which means that the additional amount of the signal comes from the

interaction of secondary photons with the IP active layer which produce photons
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-tungsten W (1mm)

particles

Figure 2.27: The configuration of stack that was used in the LOA experiment to
study the influence of tungsten in front of and behind IPs (see text).

that increase the amount of signal. We underline here that because of the relatively
constant behavior of Q(I), for a given I as a function of the electron energy, we
have compared our data point with simulations computed with electrons with a

single value of their kinetic energy, namely 100 MeV for Fig. 2.29.
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Figure 2.28: The ratio Q(I) for three electron energies (70, 100 and 110 MeV).
The dashed lines are guidelines.
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Figure 2.29: The ratio of Q(I) (see text) with respect to the IP index in the stack
of Fig. 2.28. The solid lines show the calculation from GEANT4 simulation.
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2.3 Summary of Chapter 2

Measurements from 5 to 180 MeV with electrons of IP response functions were
performed.

1) Response functions of single IPs were interpreted in the energy range from
5 to 180 MeV using two models for the relationship between the response function
of the TP and the average energy loss for electrons, as computed with GEANT4 in
the active layers of the IPs. Both models are essentially equivalent in this energy
range for electrons.

The ratios between the measured responses and the computed average energy
losses provided with sensitivities, which we extracted for our two experiments
independently and which provided to be in agreement, despite the differences in the
energy range and in experimental methods. Using these determined sensitivities
permitted us to compute the IP responses to electrons in the range 0.1 to 1000
MeV, in agreement with the existing data.

2) We have characterized the responses of IPs installed inside stacks where they
alternate with layers of tungsten. The measurements and the analysis done with
our simulation show that these responses are well explained, and therefore, that
shielding of the IPs in the PETAL charged particle diagnostics can be foreseen
which will keep the possibility to extract absolute particle spectra at the 20%
level of error. The shielding material to be used for protecting IPs from the high-
energy photons will not decrease the detection efficiency but rather increase it,
whether it is placed in front of the IPs or behind them with respect to the electron
trajectories. 1 mm of tungsten is sufficient to obtain IP responses independent
from the material placed behind it with respect to the electron trajectories. We
also observe that tungsten in front of the IP provides a larger increase of the IP
sensitivity than tungsten installed behind. This will improve the efficiency to our
detectors, which is important especially during, for example, the PETAL laser
energy ramp up at the beginning of operations.

These results are well explained with our GEANT4 simulation. Therefore,
GEANT4 seems to be well qualified to design passive detectors for Petawatt laser
accelerated charge particles. In particular, we will use it to design our electron

detectors for PETAL-+ and to interpret future experiments.
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Figure 2.30: GEANT4 simulation for electron between 0.1-1000 MeV, using the
IP sensitivities determined with LOA data.



Chapter

Response functions of imaging
plates to 80 - 200 MeV protons

3.1 Introduction

Calibration data for high-energy protons were scarce at the time these studies
were started. IP response measurements of MS, SR and TR IP were described
in the literature [23, 24, 76]. Mancic et al. [76] determined the response of TR
IP in the energy range [0.5-20 MeV| using laser accelerated protons. Choi et
al. [23] measured the response function for TR IP for [0.4-1.6 MeV|. Freeman et
al. measured the response function of TR IP between 0.6 and 3.4 MeV using a
linear accelerator at SUNY Geneseo 1.7 MV tandem Pelletron accelerator. Bonnet
et al. [42] [64] measured the response functions of three types of IPs (MS, SR and
TR) at 0.9, 2.2, 2.9, and 3.2 MeV at the AIFIRA accelerator (see Fig. 1.13). As
shown in Fig. 1.13, there are differences of one order of magnitude between Choi
et al. data and the other data sets. Choi et al. explained this difference by the
use of different scanner models which could change the response of the IP. Since
we need data for IP responses on the range of energy of protons corresponding to
PETAL acceleration, from 0.1 to 200 MeV we performed experiments to complete
the existing literature.

An experiment using the proton accelerator at the Centre de Protonthérapie
d’Orsay (CPO), France, was done to extend the study of calibration of MS, SR

93
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and TR IP for high-energy protons, to measure the response functions of IPs and
stacks of IPs and filters. This is the scope of the present chapter. We completed
these data with a measurement at the TANDEM of Orsay between 1 and 22 MeV.
This is described in the following chapter.

3.2 Experimental setup

The experiment for IP calibration for protons was performed at the Centre de Pro-
tonthérapie d’Orsay (CPQO). The proton beam is delivered by a synchrocyclotron
accelerator. The energy of the protons generated by this system is 200 MeV. Using
a graphite degrader, the energy can be lowered down to 73 MeV. The extracted
current is 300 nA and the proton bunches are separated by 10-20 ns. With the
help of a collimator made specifically for our experiment, we used a proton beam
with a square of 3x3 ¢m. The IPs of 5x5 ¢m were placed at a distance of 5.5 ¢cm

from the beam exit (see Fig. 3.1).

Figure 3.1: The experimental setup.

3.3 Data acquisition

The PSL values were extracted for each type of 1P, and the fading correction is
included. The energies of protons used to calibrate BAS-MS, BAS-SR and BAS-TR
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IP are 80, 120, 160 and 200 MeV. The Wratten filter used in the ELSA experiment
and provided by J-P.Négre [26] was installed in our scanner in order to avoid the
saturation of the IP signal readout. The PSL signal was selected over the area

defined by the yellow dashed square as shown in Fig. 3.2.

(15d) joubis

Figure 3.2: The signal detected in the IP.
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Figure 3.3: The PSL values as a function of the distance of a horizontal profile
of the IP.

We performed the experiment in two steps. The first set of data was taken

in July 2015 and the second set in February 2016. In the first experiment we

second experiment we only used two energies (80 and 160 MeV) with a limited
number of measurements.
The reason for the second measurement can be explained as follows. At the

beginning of this first experiment, we made two measurements at low and nominal
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beam intensities to check the Wratten filter transmission. This experiment let us
think we had the expected value, roughly 1/450 as given above (ELSA experiment).
After the experiment, the whole analysis (as will be detailed below extracting
response functions and sensitivities), using the obtained sensitivities along with
our GEANT4 simulation of interaction of IP with protons was done. The response
functions were computed, as for electrons, in the energy range from 80 to 200 MeV.
The curves obtained in the energy range of the measurement of Bonnet et al. [42]
were more than one order of magnitude different from the measured responses
for the three types of IPs (MS, SR and TR) coherentely. Seeing this discrepancy
it seemed to us that we may have had a normalization problem in our data set.
This could be a reasonable hypothesis since we made only one measurement at
low intensity in order to determine Wratten filter transmission. Hence, we decided
to do another measurement, performed in February 2016 to check with a few
data points this normalization issue. During this second experiment we did three
determinations of the Wratten filter transmission. The three of them were at
the level of 10% in agreement with what we determined at ELSA. Moreover, the
extracted sensitivities from the measured IPs during the second experiment, in
combination with GEANT4 simulation, IP responses were in agreement with those
measured by Bonnet et al. [42]. In addition to this, we computed that the ratios of
the TP responses in July 2015 and February 2016 exhibited a constant filter value
of 21 (with 10% accuracy). Therefore, we decided to apply this normalization
factor to all our data of July 2015. It seems like we have had a problem in the
data acquisition of July 2015 which prevented us from measuring the real number
of protons which were sent onto our detectors. This is still unexplained.

In February as a first check we measured the linearity of our measured response
with the beam intensity. The result is shown in Fig. 3.4. We fitted the relationship
with a linear function. As shown in this figure, the linear fit is extremely good.

We did the entire experiment with 20 beam pulses for each 1P radiation.

3.3.1 Experimental results of IP response functions

Fig. 3.5 shows the responses of single IPs as a function of the proton beam energies.

There are three sources of errors in these measurements:
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Figure 3.4: Linearity of the response of the experiment of February.

e 5% in the beam charge measurement
e 2% in the fading correction

e 2% in the Wratten filter transmission

This is quadratic total of 6%.

3.4 1P sensitivities

We computed the IP sensitivities o (PSL/keV), i.e. the relationship between the
average [P response and the average proton energy loss computed wih GEANT4
using the two models described in the introduction. Fig. 3.6 shows the stopping
power profile of 80 MeV protons in the active layer of an TP MS. This profile is flat
because the total energy loss of these protons in the IP is small with respect to
their kinetic energy. This means that for this experiment, both models of Hidding

et al. and Bonnet et al. are equivalent (see Appendix B).
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Figure 3.5:  The response function R(E) in PSL/proton of MS, SR and TR
measured at CPO for proton energy [80-200 MeV]. Our data are compared to
those of Mancic et al. [76].
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Figure 3.6: The mean deposited energy by protons of 80 MeV in function of
the depth in the MS IP. The mean deposited energy is calculated using 10000 of

incident particles.

The sensitivities obtained from our measured response functions, using the
model of T. Bonnet et al. are given in (Tab. 3.1) and compared to those of [42].
Note that we used to compute them the attenuation lengths fitted by T. Bonnet
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et al.

The good agreement between our sensitivities and those of [42], within the
error bars, must be underlined since they were determined:

- At rather different kinetic energies with very different energy-loss profiles

- Using two different experimental methods, individual proton counting in a
reference detector in 42|, direct irradiation with beam current measurement in our
case.

Such an agreement is a strong point for the calibration of our detectors on the
whole range of proton kinetic energies covered by the diagnostics of PETAL. These
sensitivities seem applicable in this entire range, i.e. in particular in the energy
range between both data sets.

Using GEANT4 and T. Bonnet et al. model, we have computed the MS, SR
and TR-IP responses to protons in the energy range between 0.1 and 1000 MeV
(see Fig. 3.7).

ain (107*) PSL/keV | Bonnet et al.
ans 49+ 1.5 3.03 £ 0.07
asn 182+ 0.4 1.44 £ 0.05
argr 1.32 + 0.2 1.55 £ 0.12

Table 3.1: sensitivities for each type of TP using Bonnet et al. model [29].

The results of these two models are compared with the literature in Fig. 3.7.
Mancic et al. [76] and Choi et al. [23] used protons accelerated by laser that are
continuously distributed in energy. To measure the responses of IPs, the proton
numbers used by Choi et al. are obtained by Thomson parabola and the scanner
they used is Fuji BAS-5000. For Mancic et al., the proton numbers were obtained
by a radiochromic films (RCF) and a magnetic spectrometer associated to IPs
detector and CR39 detectors. The scanner that they used was Fuji BAS-180011.

The data of Choi et al. are higher than the other data and higher than the curve
computed with GEANT4 using our IP sensitivities. Our GEANT4 simulations and
our IP sensitivities are in a good agreement with the data of Bonnet et al. [42].
For the proton energy around 10 MeV, the difference between the measurement of

Mancic et al. [76] and our experiment is at the 30% level.
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Figure 3.7: The response function R(E) of MS, SR and TR measured at CPO for
proton energy [80-200 MeV] using Hidding et al. model (dashed lines) and Bonnet
et al. model (full lines) and the comparison with the literature.

3.5 Sensitivity measurement for a multidetector

MS-ND-TR-MP-SR and a single IP

As was done with electrons during ELSA experiment, a measurement with a mul-
tidetector TP was performed. A single I[P MS was used as reference to determine
the relative sensitivities of the different IP types. We checked with GEANT4 the
energy losses of the active layer of IPs are not influenced by the presence of the
others. As mentioned in Chap. 2, this type of measurement allows to keep only
the relative error bars of the experiment, getting rid of the charge determination
incertainty as well as of the readout absolute calibration.

We can see from Fig. 3.8 that the signals of MS IP are comparable for both de-
tectors. Tab. 3.2 shows the ratio of an IP MS over the stripes detector. We can see

from this table the good agreement between the simulation and the experimental

data.



Response functions of imaging plates to 80 - 200 MeV protons 101

MS single

Multidotector: M5-ND-TR-MP-5R

1,20E+01 4

«MS ./
&, D0E+O0 :

e
I S
! fDTR | SR

000 B0

=
1t 0OE«D4 2 00EsDd4 3, DOE+D4 4 DOE+O4

Distance (pm)

The recorded signal detected in the IP and in the multidetector.

Figure 3.8:
E|MeV]| SR/MS TR/MS MP/MS ND/MS

80 relative | 0.2540.09 | 0.18% 0.05 | 0.61£ 0.04 | 0.17£ 0.03
simul. 0.26+0.1 0.21+0.06 X X

100 relative | 0.2540.09 | 0.18 £ 0.05 | 0.59+£ 0.05 | 0.18% 0.02
simul. 0.26+0.1 0.21+0.06 X X

120 relative | 0.22 £ 0.08 | 0.17£0.04 | 0.57£ 0.03 | 0.17£ 0.03
simul. | 0.26 £ 0.1 | 0.21£0.06 X X

Table 3.2: Ratios of the measured signal of the stripes over an MS TP.

Note that considered ratios between the simulation results for various IP types
in Tab. 3.2 are ratios between the mean energies deposited in the sensitive layer

as calculated by GEANT4 and the sensitivities.
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3.6 Imaging plate responses with tungsten layers

Figs. 3.9 and 3.10 show the response of MS IP with tungsten of different thicknesses
behind the detector when 80 MeV protons are used. It can be seen from these
figures that the response to protons is constant, which is not the case of the
electron data. This test is important to understand how 5 mm of tungsten behind
the detectors in SEPAGE will affect the detected signal. The conclusion is that

the signal of protons does not significantly differ because of this tungsten layer.
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Figure 3.9: The influence of tungsten behind the MS IP.

3.7 Response function of IP stacks

In this section, the influence of the layers of high-7Z materials on the response of
IP to protons is studied. The experimental data and the simulation are compared.

A stack composed of 2 SR IPs in front, 11 MS IP and filters of lead and
tungsten was used with protons of 200 MeV (see Fig. 3.11). Between each pair of
the first five IPs, a thickness of 10.4 mm was installed. Plates of tungsten with
smaller thicknesses, between 0.1 and 1 mm, was put between each pair of the

remaining IPs in the stack. The purpose of this stack was to find the deposited
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Figure 3.10: The plot of Q(I) (see text) with respect to the tungsten thickness
and the comparison with the tungsten thickness.

energy distribution in the IPs for high-energy loss of the protons. The thick layers
of lead were intended to slow down protons to the Bragg peak.

Fig. 3.12 and 3.13 show that we have sampled in this composite detectors,
the full energy loss of 160 and 200 MeV protons, on the principle of hadronic
calorimeter technique used in high energy physics (nucleon or particle physics).
This means in particular that all the protons impinging on these detectors were
fully stopped inside. Such detector are hence, in the principle, a test bench of the
IP response functions over the whole range from 200 down to 0 MeV. Therefore,
the comparison with the GEANT4 simulation provides a strong test bench of the

models linking the IP responses to the average energy losses.

3.8 GEANT4 simulation

As we did for the electron measurement, the quantity Q (I) was used in order to
compare our simulations with our data:

For the experiment:
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Figure 3.12:

The signal from the stack for 200 MeV protons as a function of the
IP index (left) and the distance of the IP from the first one (right).

(3.1)
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Figure 3.13: The signal from the stack for 160 MeV protons as a function of the
IP index (left) and the IP distance from the first one (right).

For GEANT4 simulations:

~ Edep(MS(I))
Q) = Edep(MS(0))

Fig. 3.14 shows that for protons of 160 and 200 MeV the origin of signal comes

(3.2)

directly from the incident proton (without intermediate secondary particles). The
three curves overlap entirely, which means that all signal is created by primary
particles only.

As shown in Fig. 3.14, the protons are absorbed along their path through the
detector. Protons of higher energy propagated through all IPs and deposited their
energy in each of them until the last [P where they lose 0.021 MeV of their energy
for the stack of 160 MeV protons. In the first IP SR the deposited energy is about
0.107 MeV. The same conclusion is valid for the stack used for the energy of 200
MeV, where the deposited energy in the first [P is 0.091 MeV and in the last 1P is
0.32 MeV.

We observe a really good agreement between our data points and our calcu-
lations, using single IP sensitivities. In itself, such a measurement validates the
value of the RMS sensitivity on the whole range of proton energy for the PETAL

diagnostics.
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3.9 Summary of Chapter 3

e Measurement from 80 to 200 MeV with protons of IP response functions was

done.

e Response functions of single IP were interpretated in the wide range of energy
using two models for the relationship between the response function of the
IP, and the average energy loss for protons, as computed with GEANT4
with the active layers of the IPs. Both models are essentialy equivalent in
this energy range for protons. The obtained results were compared with the
Monte Carlo simulations in GEANT4 with the focus on providing a complete
set of information about response functions of MS, SR and TR IP to protons
from 0.1 MeV to 1 GeV, which is the energy range relevant to the PETAL
operation. A simple coefficient determined from the data quantifies this
relationship, giving the purpose to the model and the possibility to use our
simulation for the design of the PETAL+ diagnostic detector, to be installed
for the first shots.

o We have characterized the responses of IPs installed inside stacks where they
alternate with layers of tungsten and lead. The measurement and the anal-
ysis done using our simulation show that these responses are well explained
and thus, that sufficient shielding of the IPs in the PETAL charged particle
diagnostics can be prepared which will keep the possibility to extract ab-
solute particle spectra at the 7% level of error. The shielding material to
be used for protecting IPs from the high-energy photons will not decrease
the detection efficiency but rather increase it with respect to the proton

trajectories.
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Figure 3.14: The GEANT4 simulations for the stacks using protons of 160 and
200 MeV.



Chapter I

Calibration of the particle transport

and detectors of the low-energy

Thomson parabola of the
PETAL+ /SEPAGE diagnostic

The aim of the experiment performed at the Tandem accelerator of Orsay in Febru-
ary 2016 was:

- The calibration of IP to protons between 1 and 22 MeV,

- The calibration of the electrostatic and magnetic transport of protons and ions
in the Thomson parabola of the low-energy channel of the SEPAGE diagnostics
PTBE "Parabole Thomson Basse Energie” (see Appendix.A).

4.1 Experimental geometries

In the Tandem experiment we connected a chamber of 800 mm diameter and
222 mm height to the exit of the beam. In this chamber, a support containing
the targets and a Faraday cup was installed. A demonstrator of the “low-energy
channel® Thomson Parabola for SEPAGE was tested during the experiment. This
demonstrator was composed of a front collimator, Thomson Parabola and a Micro-
Channel Plate (MCP) to detect the particles that passed through the electric and

108



Calibration of the particle transport and detectors of the low-energy
Thomson parabola of the PETAL-+/SEPAGE diagnostic 109

magnetic fields.

The geometry of the experiment was changed during the experiment because
no signal was detected in the MCP when the beam was scattered at the angle
of 30°. This could not be anticipated because the MCP detection efficiency was

totally unknown to us. It was thus necessary to install the Thomson parabola at

and perfom the transport calibration.

The first geometry shown in Fig. 4.1 was based on Rutherford scattering. A
semi-conductor detector was used as a reference to count the number of scattered
protons per incident beam particle.

The Thomson Parabola was placed at 30° with respect to the incoming beam
direction. This angle was chosen because it was the only one offering two windows
in the target chamber on both sides of the beam. We took advantage of the second
window at the same angle to install the reference detector to count the number
of particles entering the Thomson Parabola (see below). This detector will be
described in the next section.

In this geometry we used only the proton beam, with an energy from 1 to 22
MeV.

The beam was directed onto three types of target:

- 100 pm tungsten

- 1 pm tantalum

- 0.8 pm aluminum

In the second geometry, the PTBE was installed at 0° with respect to the beam
direction in order to provide enough particles to the detector. In this geometry,
the targets were used to:

- Scatter the incoming beam in order to reduce sufficiently the beam intensity
on the PTBE detector. The beam intensity could not be changed in the accelerator
by more than roughly a factor 10 with respect to the nominal value.

- Produce average energy losses in order to scan the energy spectrum of the
PTBE to test the electric and magnetic transport.

The PTBE is composed of a dipole magnet of 0.05 T and electrodes of =+
12.5 kV (see Fig. 4.2), parallel to each other, generating an electric field parallel to
the magnetic field. The length of the electrodes is 40 mm and that of the magnet
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is 104 mm. The collimator was placed at the entrance of the spectrometer in order
to obtain a point-like and monodirectional source before the analysis provided by
the electric and magnetic fields.

An MCP and a CCD camera were installed at the bottom of the chamber
containing the Thomson Parabola (TP) to detect the proton and ion spot on the
MCP (see Fig. 4.1).

PUMP
TANDE

2% BNC —-_
2xHT ¢ .
| E N / -
/ﬁt/‘“ e
Yo
collimato / \\\ %
Target .

pumping
systam ,'

Figure 4.1: The experimental setup [81|.The E AE detectors and the axis of the
Thomson Parabola are at the same angle (30°) with respect to the incoming beam
direction.

4.2 The semi-conductor detector and the data ac-
quisition

The detector laboratory of the Institute de physique nucleaire (IPN) of Orsay
built especially for our experiment a semi—conductor telescope composed of two

detectors:
1/ A detector called "AE" of pure silicon, 200 um thick to let heavy ions (C, O)
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Figure 4.2: SEPAGE low-energy Thomson Parabola.

at the highest energies available at ALTO/TANDEM pass through. (84 MeV for
12C%F jons)

2/ A detector called "E" of silicon lithium of 3 mm thick, to stop the ions and
protons. Protons up to 22 MeV (The maximum energy used in our experiment)
are stopped inside this detector.

The principle of such a detector works as follows. When an ionizing particle
goes through a semi-conductor as Si, it creates electron—hole pairs proportionally
to the energy it loses inside. The advantage of Si is that the average electron—hole
pair creation potential is rather low, around 4 eV, as compared to those of, e.g.
gases used in nuclear physics detectors wich are at the level of 20 to 30 eV. This
means in particular that the statistics of electron—hole pairs is rather high in Si
(or SiLi). Biasing the Si or SiLi detectors with a potential permits to collect the
electrons of the conduction band. The electron charge collected is then amplified in
a charge preamplifier and put in shape with the time constant of the preamplifier.
Subsequently, this signal is once more amplified by an amplifier, shaped and coded.
The information collected for each event is therefore proportional to:

- The energy lost by the particle inside the AE detector;
- The energy lost inside the E detector, which is for our experiment, the total
remaining kinetic energy of the particle downstream of the AE layer.

The combination of both pieces of information permits the identification of the
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particle which was selected.

Note that the signal coming from the AE detector is splitted after the pream-
plifier. One part goes to the amplifier level and the coding, the other part is being
sent to a fast amplifier, whose output signal is compared with a level in a con-
stant fraction descriminator (CFD in Fig. 4.3), to provide the trigger of the data
acquisition.

The data acquisition of this detector during our experiment was based on the
GANIL (Grand Accélérateur National d’ions lourds, Caen, France) |78] framework.
During the experiment, we kept the repetition rate below 100 events per second

to ensure the dead time of the data acquisition was negligible.

us

A
{30v) Acquisition
L system
GANIL
=2 = o
A cquisition
card
Ampli | | Ampli Fast
L.— spectrof lr: i ADC
I T AE
E
— C‘;‘It : trigger
Chassis NIM Chassis VME

iCounting
scale

Figure 4.3: The schematic of the AE — E with the electronic and the acquisition
system.
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4.3 Rutherford scattering

The formula to calculate the number of protons that enter the TP:

N do

N: number of particles detected by the detector

No: number of incident particles hitting the target

n: atomic density (cm™3 )

L: thickness of the target (cm)

¢2: Rutherford cross section (¢cm?)

AQ: solid angle

Rutherford cross section [80]:

do 77 5€> S| (4.9)
dQ  \ 167 E sin4§ '

e 7 : atomic number of the particle (proton Z = 1)

Z: atomic number of the target

e c: elementary charge (1.602.107' Q)

E: particle energy

e (: scattering angle from the beam axis

Solid angle:

AQ = % (4.3)

e AS area of the collimator

e R distance from the target to the collimator
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Atomic density

(4.4)

e p mass density of the target in g.cm™
e M, atomic mass in g.mol~*

e N, Avogadro constant in mol~*

Using the equations of this section and 6§ = 30° with the distance between the
target and the collimator of 70 cm, with a beam of 1 yA on the tungsten target
of 100 pum and protons 20 MeV, we obtained 8 protons per second entering the
collimator. Using the tantalum target and 5 MeV protons, we had 125 protons per

second. The kinematics of Rutherford scattering is given in Appendix C.

4.3.1 Scattered proton identification

For each measurement we collected data with the AE-E telescope. The identifica-
tion of Rutherford scattered protons was performed using 2D histograms such as
shown in Fig. 4.4. In this figure we only selected the proton spot to calculate the

IP responses.

4.4 Responses of Imaging Plates

The IP responses were measured for each type of Imaging Plates in the energy
range available at the Tandem. The energies of the protons that enter the TP used
to calibrate BAS-MS, BAS-SR and BAS-TR TP are 1.53, 5.6, 11.5 and 19.3 MeV.
They were computed by taking into account the energy losses in the scattering
targets both with GEANT4 and with SRIM [72]. The scanner used for the read-
out of the signal detected on the IPs was described in the introduction (see section
1.5.1). As an example, the PSL signal of 15 MeV protons was selected over the
area defined by the yellow dashed line as shown in Fig. 4.5. The measurements at

other proton kinetic values gave similar signal shape.
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Figure 4.4: 2-D histograms showing the charged-particles in our reference detec-
tor. On the x—axis: the coded signal from the AE detector; On the y—axis: the
coded signal from E detector. Each point corresponds to a particle.

The shape of the detected signal on the IP maybe commented as follows. In
Fig. 4.5 the vertical axis corresponds to the electric deviation. Of course, the mea-
surements with IP were done without electrostatic field in the Thomson parabola.

The horizontal axis of Fig. 4.5 is the magnetic dispersion, with the highest
momenta on the left and the lowest on the right. Therefore, the signal shape can
be decomposed into:

- A central and ovale spot corresponding to the particles which went directly
through the pinhole of Thomson Parabola.

- A tail, towards lower momenta, corresponding to particles which partially crossed
material inside the pinhole, whose shape and edges are not perfect as was measured
with a microscope. The shape of the signal is hence defined by the collimator at
the entrance of the detector.

The fading corrections were taken into account. The fading time in our exper-
iment is 20 minutes with few seconds uncertainty.

The results in Fig. 4.6 show the responses of single IPs as function of the proton
incident energy. These results at the lower energies are basically in agreement with
Bonnet et al. [42] data. We confirm that our measurements disagree with that of

Choi et al. [23]. It may be interesting to investigate whether or not this is related
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Figure 4.5: The signal detected in the IP for 15 MeV proton.

to the use of different scanners in the readout process of the IP as was suggested by

Choi et al. [23]. The error in the number of protons detected on the IP is between

3-5%, including the statistical uncertainty.
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Figure 4.6: The IP responses and comparison with the existing data.
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4.4.1 1P sensitivities

As for our experiment with high-energy protons at CPO, the imaging plates sen-
sitivities were extracted from the measured response functions using the model of
T.Bonnet et al. [42] [64] and given in Tab. 4.1. We see that these three sets of data
agree well within the error bars, confirming therefore an agreement with [42] [64]
and, consequently, a disagreement with the data of Choi et al. [23]. We have used
these sensitivities to compute the IP responses for protons in the range of energy
between 0.1 and 1000 MeV (Fig. 4.7). We confirm the agreement with T. Bonnet
et al, the disagreement with Choi et al. data with TR-IP over the whole range of
their measurements and in the corresponding energy range, a 30% difference be-
tween our calculation and the measurement of Mancic et al. [76] for TR IP around
10 MeV protons.

Both models are close in the energy range above 3 MeV and equivalent above
30 MeV. Below 3 MeV Bonnet et al. model describes the data. In this energy
range both models diverge because the term dE,/dz is dependent on the IP active
layer depth. We confirm our measurement with CPO. Around 10 MeV we confirm
30% difference with Mancic et al. [76].

The unicity of the sensitivities, determined for each type of IP for protons over
the energy range of our measurement confirm the close relationship between the
PSL response of imaging plates and the proton energy losses in the active layer of
IP, with a linear coefficient which is constant over the whole PETAL energy range.
This gives credence to the models of B. Hidding et al. and of T. Bonnet et al.
Moreover, we should stress here that the sensitivities determined for MS and SR
are the same for electrons and protons, at least they are comparable within error
bars. This is all the more remarkable as we have seen that the contributions to the
energy losses of these two types of particles are very differernt when decomposed
into primary particle energy losses and secondary and high-order particle energy
losses.

In this respect, the difference of sensitivity found for TR-IP between electrons
and protons should be underlined and would need additional investigations, beyond

the scope of the present work.
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Figure 4.7: Response function of MS, SR, and TR IP and comparison with the
literature. The dashed lines are the modeled responses of Hidding et al. [25]. The
full lines are the modeled responses using Bonnet et al. [42] model.

4.5 Influence of the incident angle

As mentioned in the introduction, the protons and electrons will impinge on the IP
detectors in SESAME and SEPAGE at various angles with respect to the surface
normal. Therefore, in order to know the response of the IPs as a function of
the angle, we rotated an MS IP for the proton energy of 11.5 MeV up to 75°.
Using the setup with the Thomson Parabola made it possible to measure the 1P
response up to such a large angle with respect to the IP surface normal because
the collimator of the Thomson Parabola was defining indeed a quasi-point like and
monodirectional source of particles which produced rather small signal spots on
the detectors, contrary to our measurement at ELSA, where the largest angle we
could use was 45°.

The ratio Q(I) as a function of the IP angle with respect to the incident particle

direction is shown in Fig. 4.8.
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a in (107*) PSL/keV CPO Bonnet et al.
QMS 431 £ 1.5 49 £15 3.63 £ 0.17
QSR 1.87 £ 0.65 1.82 £ 0.65 | 2.47 £ 0.07
QTR 1.56 £ 0.09 1.32 £ 0.4 | 2.02 £0.07

Table 4.1: Sensitivities for each type of IP using Bonnet et al. model.

We see in this figure an increase of the IP response with increasing angle,
which can be interestood as an increase in the effective thickness traversed by the
protons when their incoming direction angle with respect to the IP normal gets
larger. The comparison with the 1/cos() curve in the same figure permits to see
this geometrical effect, if it permits to scale the ratio Q(I) up to 45° does not
reproduce the point at 75°.

We compare our data points with our GEANT4 simulation, which reproduces
very well the experiment up to 75°. This means in particular that the average
energy loss of the protons inside the IP active layer explains alone the IP response
variation with the angle. We know, indeed, that with protons, we have a very
small contributions of secondary particles to the average loss.

The analysis of the evolution of the proton average energy loss inside the MS
active layer must be made as follows. According to the NIST/PSTAR data base,
even at 75° where the 1/cos() factor is about 4, the energy loss of 11.5 MeV
protons is small, a fraction of MeV. Following the same idea, we can estimate an
average energy loss of the protons inside the MS active layer of around 3.3 MeV.
Multiplied by the MS sensitivity, this should correspond to a response of 1.7 PSL,
i.e. since the energy losses are not large with respect to the proton kinetic energy,
we find roughly the geometrical factor 1/cos(#). Given what is said above, we can
conclude that this IP MS response increase lower than the geometrical increase of
the average active layer thickness can only be related to multiple scattering inside
both the protection layer and the active layer. Such an effect, well taken into
account by GEANT4 reduces the average length of the proton tracks inside the
active layer.

The same angular dependence measurement was done with the 8 MeV beam

impinging on the 100 um tungsten target. In this case, as computed with SRIM,
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the energy lost by the protons is of the order of their kinetic energy. This means
that for this measurement, the estimate of the average kinetic energy of the protons
entering the Thomson Parabola is sensitive to the target thickness which is not
garanteed by Goodfellow to better than + 15% with a distribution around an
average value not provided by the company.

With 100 gm, SRIM calculations lead to an average kinetic energy of 1.5 MeV
+0.2 MeV on the Thomson Parabola detector.

The data points, displayed as IP responses are shown as a function of the
incident angle in Fig. 4.9. We see in particular that the responses decrease with
increasing angles. In this figure we compare our measurement with two GEANT4
calculations, corresponding to two values of the incoming proton energy: 1.35 and
1.5 MeV. We see a much better agreement of the curve at 1.35 MeV with the data
than the curve at 1.5 MeV.

From such a result we conclude again a good description of our measurement
with GEANT4. Anyway, because of the observed dependence of the GEANT4
prediction on the proton kinetic energy, we have also here to underline that a
special care will have to be brought to the ray-tracing calculations inside the
magnetic field maps in SEPAGE and SESAME;, in order to have an unambigious
relationship between the positions measured on the detectors and the particle
energies. This seems to be a prerequisite to GEANT4 calculations necessary for

the data analysis in both diagnostics.

4.6 MCP results

Using the geometry at 0° with respect to the incoming beam direction, we have
detected particles (protons and carbon ions) in the MCP placed behind the Thom-
son Parabola (see Fig.4.1). The aim of the present analysis is to determine the
magnetic and electric field integrals, which these particles are sensitive to.

We used different targets and different beam energies for each type of particles.
Unfortunately, during the data analysis a beam pointing instability was observed
(with the accuracy we were aiming at, i.e. at few 100 pm). Therefore, to determine
the field integrals, we decided to use calibration of different measurements at the

same beam and particle energies, as detailed below.
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Figure 4.8:  Dependence of the response function ratio Q(I) on the angle of
the incoming protons with respect to the normal of an MS TP (11.5 MeV kinetic

energy).
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Figure 4.9: The signal in the TP MS for protons 1.35 MeV in function of the angle.
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The analysis starts with the determination of the electric field integral. For
this we use the proton measurement at two field values (0 and 1.25 MV /m), which
were performed with the thin targets (either aluminum or tantalum), where the
average proton energy losses are small, and thus, giving measurements independent
of possible errors in the determination of the target thickness.

The list of the measurements used in the analysis and discussion below is shown

in Tab. 4.2.

4.6.1 Discussion

In order to calculate the electrostatic deviations we use the formula calculated in
Appendix A (see eq.A.11)

(Lg + 2Lp), (4.5)

where:
A, is the electric deviation on the detector
q is the charge
E is the electric field
Lg is the length of the electrodes
Ty is the kinetic energy
Lp is the distance from the exit of the electrodes and the IP

The aim here is to determine the product ELg, called the field integral. Prac-
tically, speaking, Lg is fixed to the physical length of the electrodes. This means
that we estimate in our data analysis the "equivalent" constant elecrostatic field
E, which is afterwards compared to its value between the plane electrodes of the
Thomson Parabola.

The values of the deviations are taken as the average of the histograms shown
e.g. in Fig.4.10 and followings. These histograms present the MCP position dis-
tribution from the MCP recorded signal.

The method goes as described here:

For each measurement, we compute the product A, x Ty according to Eq. 4.5,

this provides estimates of
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Epeam [MeV] Target | Thickness [pm)]

22 Tantalum 1
Tungsten 100

15 Tantalum 1

Tungsten 100 7

Aluminum 0.8

10 Tantalum 1
Tungsten 100
Aluminum 0.8

8 Tantalum 1
Tungsten 100
Aluminum 0.8

7.9 Tantalum 1
Tungsten 100
Aluminum 0.8

7.2 Tantalum 1
Tungsten 100
Aluminum 0.8
6 Tungsten 100
Aluminum 0.8

D Tantalum 1
Aluminum 0.8

3 Tantalum 1
Aluminum 0.8

Table 4.2: List of the measurements used to determine the electric and magnetic
field integrals with the proton beam.
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Ay x To[MeV] = qELg X Ggeom
with Ggeom = }L(LE + 2Lp)

Ggeom 18 @ known geometrical factor. The average of the estimated products
A, x Ty leads to:
qELE.Ggeom ~ 16.6 mm.MeV

Taking into account the width of the proton energy distribution as computed
with SRIM on a 1 um to a target of SE ~ 1072 MeV. This provides a first error
estimate on the factor above of 0(qElgGgeom) ~ 0.15 mm.MeV.
This leads to:
qELg ~ 0.076 MeV  o(qElg) ~ 0.8 keV

2) We use this value of the electrostatic field integral to determine the proton
kinetic energies corresponding to measurements where the average energy loss of
the protons in the beam target is not small, i.e. to low kinetic energies and mo-
menta inside the Thomson Parabola. This choice is driven by the known fact that
for a fixed spatial uncertainty o, of a measured magnetic deviation x, the error on
the field integral is given by the ratio oy /x. Therefore maximizing x for a fixed oy,
permits to reduce the error on the magnetic field integral. And usually, o, is not
related to x but to the detector spatial resolution, usually constant over its whole

detection surface.

3) For three beam kinetic energies we have:

E(beam)— 7.9 MeV Al/Ta: Ty ~ 7.9 MeV; tungsten: Ty ~ 1.9 MeV;
E(beam)= 8 MeV Al/Ta: Ty ~ 8 MeV; tungsten: Ty ~ 2.2 MeV;
E(beam)= 10 MeV Al/Ta: Ty ~ 10 MeV; tungsten: Ty ~ 5.56 MeV;

Using the relationship:

. qBLBC
Yo mczﬁg

A

X HGeom (46)

where mc? is the proton rest energy, f3, its reduced velocity (8= %) and Hgeom
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another known geometrical factor, we have, with reduced velocities f, labelled

with the corresponding beam targets at a fixed value of the beam energy:

Ay (W) — A, (Ta) = qig‘? % Heuor ( i (1W> - (1Ta)) (4.7)

Such a quantity is:
- independent of the origin, on the MCP detector, of the magnetic deviations (i.e.
the point of zero deviation)
- independent of fluctuations in the position of the proton spots between different
beam settings as shown in Tab. 4.3 for the position measured on the electrostatic
deviation direction at zero electrostatic field and as examples in Fig. 4.11 for two
beam energies (10 and 15 MeV).

The field integrals obtained for the three energies are:
E(beam)— 7.9 MeV A, = —6.66 mm A(B_lo) =891 I(B)=B.Lp=4310"3m.T
E(beam)=8MeV Ay = —57mm A(g) =659 [(B)=B.Lp=510"m.T
E(beam)=10 MeV Ay = —1.48 mm A(g) =242 I(B) = B.Lp =44107°m.T

4.6.2 The determination of uncertainties

In a Thomson parabola, as explained previously, the deviation provided by the

electric field is given as:
~ qELg

To

Where E.Lg is the electric field integral (average field component times the

GGeom (4.8)

XD

electrodes length). T is the kinetic energy of the particle and Ggeom = le(LE +2Lp)
is a geometrical factor.

In our experiment we determined xp as the difference between the average
particle spot coordinate measured with a zero electric field (see Fig. 4.10 and 4.11)
and the average spot coordinate measured with the full voltage on the electrodes
(£ 12.5 kV in our experiment). As explained above, we used three beam settings
(E= 7.9, 8 and 10 MeV) to determine the field integral I[(E) = ELg, indicated
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Eproton (MeV) Target <x> mm | RMS mm
3 Tantalum 35.89 0.74
Aluminum 35.90 0.46
5 Tantalum 35.82 0.46
Aluminum 35.82 0.46
7.2 Tantalum 35.70 0.43
Aluminum 35.72 0.28
7.9 Tantalum 35.25 0.33
Aluminum 35.31 1.05
Tungsten 35.35 0.33
8 Tantalum 35.89 0.59
Aluminum 35.89 0.59
Tungsten 36 0.28
10 Tantalum 35.43 1.25
Aluminum 35.41 1.91
Tungsten 35.64 0.35
15 Tantalum 35.47 1.54
Aluminum 35.35 1.72
Tungsten 35.51 0.72
22 Tantalum 36.06 0.58
Aluminum 36.13 0.49
Tungsten 36.07 0.49

Table 4.3: List of the measurements used to determine the stability of the beam
spot in the electric deviation direction for 0 V on the electrodes.
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Figure 4.10: A, obtained using protons of 10 and 15 MeV and two targets
(aluminium and tantalum).

below with i, with the formula

I(E) = % Zi xp (1) T Gc;leom (4.9)

In this formula, we have identified three sources of error, which can induce

uncertainties on the fields integral I(E):
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Figure 4.11:  Proton distribution for the beam energy of 3 and 5 MeV on the
electric field deviation axis for zero electric field.

1. error on the determination of the deviation xp
2. error on the knowledge of the geometry of our setup (Ggeom)
3. error on the estimate of the kinetic energy of each beam setting.

Since we work, to determine I(E) by comparing, for each setting, the beam spot
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average position with and without the electric field, we took as an uncertainty on
xp the variations we measured on the yp coordinate from one detection to another

for a determined beam setting (see Tab. 4.3). Such variations induce an uncertainty

of 40 pym when computed with the positions given in Tab. 4.3.
The uncertainty on the estimate of the kinetic energy of protons coming into

the Thomson Parabola is linked to:

e The uncertainty on the beam energy (estimated to 107 in %p), which is

negligible

e The uncertainty on the tantalum target thickness, which can generate, via
the proton stopping power, our error on the kinetic energy at the entrance
of the SEPAGE PTBE.

We consider a typical uncertainty on the tantalum thickness (1 gum in our case)
of 10%, namely 0.1 um. Considering the average stopping power in tantalum of

protons in the range 8-10 MeV, this provides an error of tantalum of:

0Ty = <E> 0.1 pm (4.10)
dx

That is to say: 0Ty ~ 3.8.1073 MeV.

Finally, the uncertainty on the geometrical factor Ggeo, comes from a possible
error on Lp, which we estimate to be at most of 2 mm. This implies an error on
Ggeom 0f 0G =1 mm

Each of these three contributions corresponds to an error on I(E) given by:

I(E) = ‘%}?' op (4.11)

Where p = xp/T/Ggeom

For p = xp, we have:

SI(E) = oxp x T, (4.12)

N‘GGcom . Zi

For p = Ty;, we have:

1 :
(STI(E> = 6T0,i X m. Zi XD(I) (413)
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For p= GGeom:
0Ggeom
SoI(E) = I(E) x —2 (4.14)
GGeom
Numerically, this translates into:
6 I(E) = 1.52.1076
6rl(E) = 2.9.107°
dgl(E) = 3.3.107°
We have hence:
s _
S =410"°
The magnetic field integral is given by the expression:
I[(B) = BLg (4.15)

where B is the average dipole field component and Ly is the magnet length. The
magnetic field integral has been determined using two targets with three beam
settings 1--7.9, 8 and 10 MeV, respectively: — Either a thin target (Ta/Al)
— A thicker target (tungsten of 100 pm)

Averaging on these three measurements and using the formulas developed

above, we have:

-1

1) = & 32, S0 s (2w - (/D) (416

0.17 Bo
where Ayp (i) = yp(W) — yp(Ta/Al)

1

1. Bo(W) is the proton reduced velocity in the SEPAGE/PTBE with the 100 um

tungsten target in the beam.

2. Bo(Ta/Al) is the proton reduced velocity with the thin (Ta/Al) target in the

beam.

Using the formula above, we neglected the uncertainty from the geometry,
which is even smaller in the case of I(B) than for I(E).
We have here also three sources of error:

— on the position difference Ayp(i)
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— on By(W)
— on fy(Ta/Al)

Since Ayp(i) = yp(W); —yp(Ta/Al);, we take as uncertainty on Ayp(i) the
quadratic sum of the uncertainties on both terms, which is taken as 40 ym as
above for the electric field integral incertainty calculation. This leads to:

dAyp(i) ~ 60 pm

The uncertainty on fy(Ta/Al) is also included and comes from the uncertainty
on the target thickness. We must consider here 10% error in the tantalum thickness
as well, leading to an error on the energy of:

0Ty ~ 4.1073 MeV

This translates into an error on the term %(Ta/Al) given by:

§(-(Ta/AL)) ~ o (Ta/Al) x %

3 T (4.17)

ie. (5(%0(Ta/Al)) ~ 21073

which we take as constant, %T and % being determined for Ty = 8 MeV.

In the settings we use for the determination of I(B) the average loss of the
protons inside the 100 pym tungsten target which is not small with respect to the
beam energy. Therefore, to determine T(;(W), the corresponding energy (and
hence [Fy(W);) we use the electric deflection. The error on Tg;(W) for each setting
i, is then given by the error on I(E) as:

6To(W)i = Toi(W) x % (4.18)

The relationship between Ty and I(E) being linear, averaging over the three

settings this gives a small value of §T(W);.

This can be translated into an uncertainty on f%o(l/V)Z as:

35 (W) = 5 (W) x T (119)
1 1 SI(E)
5(E(W>) = Q_BU(W) “T(m) (4.20)
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As for the electric field integral, we obtain three uncertainties on I(B), which

are:

Snatand(B) = 577 % 30, (5 (W0 = 5 (To/AD ) x Ayo(i) x 6 (Tu)

Bo Bo
(4.22)
g, W) 1(B) = L D (i(W)' - i(Ta/Al)) B x Ayp X 5i(W)
P TN00T T A \By T By N
(4.23)

If we add linearly the contribution of the beam settings to the error, we write:

55, 1(B) = NX;ON S Avn(i) <é(vv)i _ i(Ta/Al)i) < (6By(W) + 6 (Ta/Al))

Bo
(4.24)
This linear contribution of errors is of course, an overstimate of the error on
I(B). Quadratically added, this leads to the formula:

D=

l(B) = o (Zi Aol (5 (W) - - (Ta/aD: ) ) < (Ao (W)? + 660(Ta/AD?)
(4.25)

Numerically we obtain:
6,I(B) = 8.27.107°
Oo(Tasan1(B) = 1.6.1074
dgo(w),I(B) = 5.107*

The quadratic error is: 5%



4.7 Summary of Chapter 4

In order to calibrate the IPs to protons of energies in the range of few MeV, the
experiment at the Tandem proton accelerator was performed. The responses of
single IPs to protons from 1 MeV to 22 MeV were measured and it was shown
that the obtained results are coherent with what we measured in the CPO (see
Chap.4) and with Bonnet et al. [42]. Moreover, the response of IPs as a function
of the incident angle was measured and the obtained experimental data agree with
GEANT4 simulations.

Using the proton beam, we determined the electric and magnetic field integrals.
In this case, a micro-channel plate (MCP) detector was employed as the particle
detector. The obtained integral of the electric field of the parabola was higher
than the expected value by 50%. This is favorable for the diagnostic since it will
provide a higher separation power between ion species, in particular between the
proton and the 2C%* parabolas in the "low—energy" channel of SEPAGE, which
was one of the specification points in the conceptual design of the project. The
result of the integral of the magnetic field corresponds to the designed value within
the error bars. Therefore, the Thomson parabola was analysed and calibrated and
it can thus be used in the SEPAGE diagnostics.



Chapter

Conclusion and perspectives

This dissertation focuses on the study of passive detectors for charged particles
of the PETAL diagnostics. These detectors will be used in SEPAGE (Spectrome-
tre Electrons Protons A Grande Energie) and SESAME (Spectrometre ElectronS
A Moyenne Energie ) diagnostics at LMJ/PETAL, aiming at measuring energy
spectra of particles accelerated with PETAL (electrons, protons and ions). There-
fore, passive detectors must be properly calibrated for these particles in the energy
range from 0.1 to ~ 200 MeV, for which these diagnostics were designed.

For this purpose, four experiments using four different sources of particles were
performed and the obtained experimental data were carefully analyzed and in-
terpreted. Our measurements were also compared with data from the literature.
The TANDEM accelerator was used as a source of protons in the energy range
between 1 MeV and 22 MeV. This experiment was also a benchmark test with
protons and carbon ions of the charged particle transport in the demonstrator of
the “low-energy channel” Thomson parabola of SEPAGE. The proton synchrocy-
clotron source at Centre de Protonthérapie d’Orsay (CPO) provided protons in
the energy range from 80 MeV to 200 MeV. The electrons in the range from 5 MeV
to 18 MeV accelerated by the linear accelerator (ELSA) were used. Lastly, the
high-energy electrons generated by the laser wakefield accelerator at Laboratoire
d’Optique Appliquée (Salle Jaune, LOA) were used in the energy range between
40 MeV and 180 MeV. This work is divided into different chapters according to

these performed experiments. We have not only studied the responses of single
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Imaging Plates (IP), which is the type of passive detectors chosen for the charged
particle detection in SESAME and SEPAGE, but also composite detectors made
of IPs and of layers of high-Z material, e.g. tungsten. The use of such composite

detectors will be necessary in the PETAL diagnostics for two main reasons:

e To protect the detection signals from the high photon background in LMJ-
PETAL related either directly to the laser shots or coming from the decay
of the activated materials of the LMJ sphere, shortly after the shots.

e To have detector responses independent of the mechanics in the close envi-

ronnement of the detector

Two models, which link these detector responses to particle average energy
losses within the active layer of IP and which were taken from the literature,
were studied for the interpretation of our measurements. Since the particle energy
losses inside the IP active layers are not experimental observables, they need to be
computed with simulations. To do this, we chose GEANT4 for reasons detailed in
the manuscript.

Using GEANT4, we extracted from our measured detector responses sensitiv-
ities as, roughly, the ratio between the responses and the average particle energy
losses. We have shown that these sensitivities are well-based concept since we
found constant sensitivities for each type of particle and for each type of detector
(MS, SR, TR IPs). These sensitivities combined with our GEANT4 calculations
allowed us to compute the detector responses over the energy range from 0.1 to
1000 MeV, which describe most of existing data.

The comparison of the sensitivities determined for protons and electrons shows
very similar values for MS and SR IP types, which gives credence to this concept.
Anyway, the sensitivities of TR IPs happen to be different for electrons and pro-
tons, contrary to the other two types of IPs. This remains to be explained by
further investigations.

We have pushed this concept a little further with measurements of the responses
of detectors composed of IPs and layers of high-Z material. Our measurements
showed global increase of the Imaging Plate responses in the presence of such lay-

ers, both in front of or behind the detectors with respect to the incoming particles
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direction. These increases are very well described by the evolution of the energy
losses of the particles as computed with our GEANT4 simulations. Depending on
the type of particle as well as the energy range of the particles, the contributions to
these increases from the primary particle energy losses or from secondary or higher
order particles coming from the particle-detector interactions are different but may
be very substantial, more than half of the responses. Given that these secondary
and higher order particles are in a much lower energy spectra than the primary
particles (i.e. a few tens of keV), this good agreement between measurements and
calculations probably means that the concept of IP sensitivity of the same val-
ues applies also to this energy range for protons and electrons. The comparison
between experiments and simulations was also done for the measurement of the
Bragg peak at 160 and 200 MeV protons in thick composite detectors. The good
description of these two measurements by our simulation, in particular the loca-
tion of the Bragg peak within our detector is particularly important since such a
detector permits, in fact, to test the Imaging Plate responses over the whole energy
range from 160 - 200 MeV down to 0 (the protons are stopped inside the detector).
As such, this measurement provides a ultimate test bench of our particle - detector
interaction model.

We have lead our detailed study of Imaging Plate responses to their dependence
on the angle between the incoming particles and the direction orthogonal to the IP
plane. The measurement was made possible by our setup at the TANDEM acceler-
ator where we used the demonstrator of the low-energy channel Thomson parabola
of SEPAGE. This setup provided monodirectional and thin particle beams imping-
ing on the detector, which permitted to measure the detector response for angles
of up to 75 degrees. These data are also well described by our calculations.

The test of the demonstrator provided the field integrals of the low-energy
channel Thomson parabola of SEPAGE. We used proton and carbon ion beams but
the results presented here concern only the proton measurement. The measured
magnetic field integral corresponds to the specifications given to the industrial
company which built it. The electric field integral was measured at a much higher
value than the design (50% increase). This result needs to be explained. It may
be related to the geometry of the electrostatic plates’ edges, which generate an

electric field rather far away on the particle axis.
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The perspectives which may be built from this work are of four types. The first
one is, of course, the application of our knowledge and experience to the building
of the actual detectors to be put into the SESAME and SEPAGE diagnostics.
For this, our optimization procedure should take into account the effect of high-
Z material shielding on the detected signal (surface spreading) and compare the

results to:

- the energy resolution of the diagnostics, as specified at the beginning of the

project

- the level of constant background signal from the hard X-ray photons, men-

tioned in the introduction.

To do this, a first estimate of the level of this background on the detector has
to be computed.

The second direction of investigation should be the calibration of Imaging
Plates and composite detectors using low-energy electrons. The goal of such an
experiment should be to cover the energy range below 1 MeV, where the two mod-
els we used in the present study differ notably. For this, a rather simple setup
made of a 2°Sr/?Y beta source combined with a small dipole magnet is sufficient.

A third study which would be interesting in the detailed understanding of the
interaction of the charged particles with our composite detectors would be the
study of the interaction of “high-energy” electrons (a few tens MeV) with thick
detectors. We have indeed seen in our study that the contribution of secondary
and higher-order particles in the detector responses to electrons is very important
but we have not performed the measurement at LOA for very thick detectors as
we did at CPO for ~ 200 MeV protons.

The fourth perspective we can draw from our work would be the detection of
single particles, such as neutrons, with Imaging Plates and composite detectors.
Such particles may leave in IP as much as one PSL on a few pixels and should
therefore be detected with a good efficiency.

Eventually, the experience gained with this systematic study could also be
useful at many large and high-energy femtosecond lasers being developed around

Europe to start particle detectors before having solved potential problems of laser-
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generated electromagnetic pulses in the readout electronics connected to the de-

tection.
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Appendix

Principle of a Thomson Parabola

The advantages of the Thomson parabola [48| are its robustness, compactness and
the fact that it is well known since the beginning of the 20" century, and can
function in an environment such as the LMJ sphere.

A Thomson parabola is composed of a dipole magnet and electrodes, parallel
to each other, and generating an electric field parallel to the magnetic field. A
collimator is placed at the entrance of the parabola to create a point-like source of

quasi—monodirectional particles before the magnetic and electrostatic analyses.

Pinhole

Figure A.1: The scheme of principle of a Thomson parabola. The ions are coming
from the left through a pinhole before the magnetic and electrostatic deviations
and impiging on the detector at the bottom right.

Fig. A.1 shows the principle of a Thomson parabola. The particles comes from

the source through a pinhole. They travel afterwards in between the tips of a mag-
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net, defining a dipole field and two electrodes, which create an electrostatic field
parallel to the magnetic field and perpendicular to the main ion direction. The
E—field is bending the particle trajectories in its direction, whereas the B—field
is bending them perpendicularly to both its direction and the incoming—ion di-
rection. The combination of these two bendings produces on the detector at the
bottom of the device parabolic particle distributions, as illustrated in Fig. A.2 [59].
Each distribution defines an ion specie and a charge state as well as its energy /momentum
distribution, provided that the detector efficiency as a function of the particle en-

ergy has been determined.

(CH),

ylem] ~ Z/Av

Figure A.2: Typical ion parabolas obtained with an ion—laser acceleration ex-
periment [59]. The different ion species as well as the different charge states can
be identified.

The magnetic deviation provides a measurement of the ratio p/q, where p is the
particle momentum and q its charge. The electric deviation provides essentially
the determination of ¢/m, identifying therefore the different types of ions.

In the following calculation we take E and § along the y-axis (we neglect the

fringe-field distribution and consider only rectangular distributions):
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0 0
B=|B|.E=|E
0 0

We restrict our calculations to the paraxial case where transverse deviations
from the initial directions are small. In this approximation the velocity along z-axis
is constant through the Thomson parabola.

The equation of motion is written for 0<z< L, (see Fig. A.1):

2
m% = —q.%.B (A.1)

We take as initial conditions: (xq,yo,%o) = 6> and (vyo, Vyo, V,0) = (0,0, vo) at
t=0.

We define w, as w. = qB/m, the particle cyclotron frequency.

Eq.(1) can be integrated as, since dz/dt=uvp=constant:

Uy = —0p.(wet)
Vy, = Vg

And
T = —vpwe.t%/2
z = v.t

At the end of the magnet the ion position is (x(ty), z(tm)), with:

X(ty) = —Vo.wc.%n (A.2)
2(ty) = Lun (A.3)
tm = I\;—m (A.4)

Protons propagates then in the d =1+ L. 4+ L distance free of magnetic field
of the detector:
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Vy(tm)
= X(tm d A5
XD X( ) + Vz(tm) ( )
C'Lm
Xp = — e (L, 4 9d) (A.6)
Vo
ForL,+1<z<L,+1+ Le:
d?y
— =q.E AT
ms =4 (A7)
With the initial condition, this gives:
q.E
q.E t?
= —.— A9
V= (A.9)

te = Le/Vo

In the paraxial approximation, the time it takes for the ions to traverse the
space between electrodes is tg = dg/vg, which will imply the y position of the ion
at z=L.+1+ L, + L to be:

Vyle
Vy(tm)
q.E.L.
= L, + 2L A1l
YD 2.m.v(2)< +2L) ( )

It is to be underlined here that the condition of small deviations does not apply
to electrons, whose magnetic rigidity m/q is much smaller than that of ions.

In the case of SEPAGE and SESAME the electrons will be mostly detected in
the side of the diagnostics, as mentioned above, in detectors parallel to the particle
initial direction. This has also the particular consequence that the electrons will
arrive on the detectors with possibly large angles with respect to the orthogonal to
the entrance plane. We took this into account in our detector studies by measuring
the detection response as a function of the particle angle with respect to the

detection plane normal.



Principle of a Thomson Parabola 144

Moreover, we should mention here that the electrons in SEPAGE will be unaf-
fected or mostly unsensitive to the electric fields of the SEPAGE Thomson Parabo-
las. This statement is explained by three features of the electron transport within
SEPAGE.

- In the low-energy channel of SEPAGE, the low-energy electrons (below ~ 3
MeV) exit directly the dipole magnet on its side, ie. without passing through the
electric field volume between the two electrostatic plates.

- Up to ~ 8 MeV, the electrons of the low-energy channel pass through only a
part of this electric field.

- For the highest energy electrons, in both channels, which are relativistic, we
must rewrite the equation of motion in the electric field with the introduction of
the Lorentz factor ~ as:

d?y
yms = qkE (A.12)
given that in SEPAGE Thomson Parabola, the quantity qELg, which is an energy
is of the order of or below 0.1 MeV, it is negligible with respect to the electron en-
ergies considered here. We can thererfore solve the equation above with a Lorentz
factor kept constant. This leads to:
7mi—?; = qEt (A.13)

The electron considered here being highly relativistic (for 8 MeV electrons,

v ~ 17), their velocity is ¢ and, at the exit of the electrostatic field region we have

t= LT and therefore

d EL
Ty =8 (A.14)
dt yme
and y(Lo) = 395
Following the notation in the appendix we have:
qELg

= 2L + L, A.15

YD 27mc2 ( + ) ( )

which can be written, with v»1 and E, the electron kinetic energy as:
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- qBELg
Yp = 28,

For 8 MeV electrons in the low-energy channel of SEPAGE, this gives yp ~ 4 mm

(2L + L) (A.16)

These numbers have been checked by a ray tracing simulation of the electrons
in the SEPAGE Thomson Parabolas using the software ZGOUBI developed at
CEA-Saclay [79].



Appendix B

Model comparison for high-energy

charged particles

In order to compare Hidding et al. [25] and Bonnet et al. [42] [64] models for high-
energy charged particles, we will start with Bonnet et al. model that takes into

account the depth dependence of the photon propagation inside the IP first layers:

‘dE 7
E) = — —— B.1
RE) = [ S exn(-)ds (B.1)

In this equation, z is the depth in the phosphoric film of thickness €, L is the
absorption length of the PSL photons, dE/dz is the deposited energy profile and
« is the IP sensitivity (in PSL per energy loss unit).

For high-energy particles, 92(z) = cte, i.e.:

R(E) = a i eXp(—E) dz (B.2)
e/L
R(E) = ai—S.L /O exp(—u) du (B.3)
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dE €
E)=a—.L[1 — —— B.4
R(E) = a" " L[l - exp(—1)] (B.4)
In our study of the interaction of charged-particles with imaging plates, we may
indeed define as high-energy particles those for which the stopping power dE/dz

is constant through IPs.

R(E) = ai—f.e.%(l - exp(—%)) (B.5)

with e.dE/dz = AE, the particle energy loss in the IP active layer.

We obtain:

R(E) — a%(l —exp(~)) AE (B.6)

Equalizing this formula with that of Hodding et al.:
R,(E) = &Hidding-AE (B?)

leads to:

('Hidding — ®Bonnet - % (1 - eXp(_ LBoennet >>




Appendix C

The kinematics of the proton/ion

Rutherford scattering

P’ (my, Z2)

P

@
P (m,2) P'a (Ma,Zn)

Figure C.1: The kinematics of the proton/ion Rutherford scattering.

In order to calculate the kinetic energy of scattered protons we use the con-
servation of energy and momentum in the scattering of the proton by the ion (of

masses m, m4 and charges Z and Z,):
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(1)

p = p'cosh + plycosh 4
(2)

0 = p'sinf + p/ysinfa

The kinematical variables are defined in Fig.C.1.

Giving:
(p — p'cosh)? + psinf = p77 (C.1)
The energy conservation can be written as:
E=FE+E, (C.2)
with E = p?/2m
E = p”?/2m
'\ = DPi/2my (non-relativistic kinematics)
2 /2 2
QP; = g_m + 21’:7114,4 (5)
pi =520 —p?) (6)
(eq.C.1) and (6):
m
(p — p'cosf)® + psin®f = ;A(p2 - p?) (C.3)
(1+ %)p’z — 2pp’cosh) + p?(1 — %) =0 (C.4)
m m

After solving the quadratic equation we obtain:

, _ p.cost p Ma, ., o5
= e ey ()

For 24 = 1, the solution with the substraction of the second term leads to p’0

V 0, which is not physical.
The only solution is, therefore:
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, p.cost p MAYY  n2g o
_ — .6
P (1—1—%\)—’_(1%—%‘)\/(111) S (C-6)

Numerical application in our case:

E’=0.98 E for proton-tungsten and proton-aluminum.



Appendix

Résumé

PETAL (PETawatt Aquitaine Laser) est un laser positionné dans la sphére du
laser MégaJoule LMJ a Bordeaux. Il compléte les lasers nanosecondes de LMJ
en délivrant des faisceaux picosecondes au sub picosecondes, & une intensité qui

2 et permettra d’accélérer les particules (électrons,

pourra atteindre 102 W/cm
protons, ions) principalement selon le mécanisme TNSA (Target Normal Sheath
Acceleration). Cette thése porte sur I’étude des détecteurs passifs pour les par-
ticules chargées du diagnostic PETAL. Ces détecteurs seront employés plus parti-
culiérement dans SEPAGE (Spectrométres Electrons Protons A Grande Energie)
et SESAME (Spectrométres ElectronS A Moyenne Energie) a LMJ/PETAL. Ces
deux diagnostics ont pour but de mesurer les spectres d’énergie des particules
accélérées par le laser PETAL (électrons, protons et ions). L’utilisation de dé-
tecteurs passifs avec PETAL s’impose par une raison essentielle: l'interaction du
laser PETAL avec sa cible va générer, a pleine puissance, une impulsion éléctro-
magnetique géante dans toute la sphére LMJ qui aveuglera a 1’électronique de
lecture qui s’y trouve. Les Imaging Plates (IPs) ont été choisis pour cela. Ce choix
se justifie par leurs taille legers, son efficacité de detecter les particules chargées
dans un grand domaine d’énergie, grande resolution et on peux utiliser ces IPs
plusieurs fois. Ces détecteurs doivent étre étalonnés pour ces particules dans la
gamme d’énergie de 0,1 a ~ 200 MeV, pour laquelle ces diagnostics ont été élaborés.

De plus, les IPs étant sensibles a tout type de rayonnement ionisant, elles

devront étre protégées, a I'intérieur des diagnostics de particules chargées, contre le
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bruit de fond des photons génerés soit directement par l'interaction de PETAL avec
sa cible soit par 'activation des matériaux de la sphére LMJ—PETAL. Nous avons
donc non seulement étudié les réponses des IPs simples mais aussi les réponses de
détecteurs composés d’IP et de plaques de matériaux de numéros atomiques élevés
tels que le tungsténe.

Durant cette thése, quatre expériences avec quatre sources différentes de par-
ticules ont été réalisées et les données expérimentales obtenues ont été analysées
et interprétées. Les mesures ont également été comparées avec la littérature.

L’accélérateur TANDEM de linstitut de physique nucléaire d’Orsay nous a
fourni une source de protons dans la gamme d’énergie entre 1 MeV et 22 MeV
et d’ions de carbone entre 5 et 84 MeV. Cette expérience nous a également per-
mis d’étalonner le transport des particules chargées dans le démonstrateur de la
parabole Thomson du "canal & basse énergie" de SEPAGE. La source de syn-
chrotron protonique au Centre de Protonthérapie d’Orsay (CPO) nous a permis
d’étudier la réponse des détecteurs aux protons dans la gamme d’énergie de 80 MeV
a 200 MeV.

Deux expériences avec les électrons ont couvert le domaine en énergie de 5 a
140 MeV:

e La premiére a l'accélérateur ELSA de CEA—DAM a Bruyéres—le—Chatel

pour la partie basse du domaine en énergie

e La seconde au Laboratoire d’Optique Appliquée pour des électrons entre 40
et 180 MeV.

Il était important en effet d’étudier nos détecteurs pour les protons et pour
les électrons car dans le domaine en énergie des particules chargées accélérées
avec PETAL, les intéractions de ces deux types de particules avec la matiére sont
qualitativement différentes.

Deux modéles, qui relient les réponses des détecteurs aux pertes d’énergie
moyennes des particules dans la couche active des IPs ont été étudiés pour I'interprétation
de nos mesures. Comme les pertes d’énergie des particules a 'intérieur ces couches
actives ne sont pas des observables expérimentales, elles doivent étre calculées avec

des simulations. Pour ce faire, nous avons choisi GEANT4 pour son efficacité a
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calculer I'énergie déposée dans nos détecteurs, sa rapidité de calcul et sa précision.
Il s’agit aussi d'un code dont les prédiction dans I'interaction particules—matiéres
ont été validées par un grand nombre d’expériences.

Avec GEANT4, nous avons extrait de nos mesures le rapport entre les réponses
et les pertes d’énergie moyenne des particules pour chaque type de détecteur (MS,
SR, TR IPs). Ces sensibilités, combinées avec nos calculs GEANT4, nous ont
permis de calculer les réponses du détecteur dans le domaine d’énergie de 0,1 a
1000 MeV, qui décrivent la plupart des données existantes. Ces résultats pourront
étre utilisés dans le calcul des réponses d’IPs dans le projet PETAL+ et le calcul
des détecteurs composites.

La comparaison des sensibilités déterminées pour les protons et les électrons
montre des valeurs trés semblables pour les types MS et SR. La sensibilité des IP
TR est différente pour les électrons et les protons, contrairement aux deux autres
types d’IP. Cela reste a expliquer par d’autres experiences.

Nous avons poussé ce concept un peu plus loin avec les mesures des réponses
des détecteurs composés de IPs et de couches de matériau a Z élevé. Nos mesures
ont montré une augmentation globale des réponses des IPs en présence de telles
couches, a la fois devant ou derriére les détecteurs par rapport a la direction des
particules entrantes. Nous avons pu prouver qu’une épaisseur de tungsténe placée
derriére les IPs rend le signal sur les IPs par particule indépendant de la matiére
qui se trouve au dela. Dans SEPAGE une telle épaisseur permettra de protéger les
détecteurs et notre étalonnage rend possible la détermination du nombre absolu
des particules détectées.

Ces augmentations sont trés bien décrites par I'évolution des pertes d’énergie
des particules telles que calculées avec nos simulations GEANT4. Selon le type de
particule ainsi que la gamme d’énergie des particules, les contributions a ces aug-
mentations a partir des pertes d’énergie des particules primaires ou des particules
d’ordre secondaire ou supérieur provenant des interactions détecteur de particules
sont différentes mais peuvent étre trés importantes.

A Taide des détecteurs composites épais, nous avons mesuré le pic de Bragg
de protons de 160 et 200 MeV (expérience au CPO). La position du pic dans
le détecteur et I’évolution du signal dans les différentes IP qui contribuent les

détecteurs ont été trés bien déduites avec le modélisation GEANT4 en utilisant
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uniquement la sensibilité des IPs simples.

Nous avons aussi qualifie GEANT4 avec les options qui vont bien, et qu’on
pouvez l'utilisées pour concevoir les détecteurs PETAL+.

Les résultats obtenues avec les sensibilités des [Ps simples pour les protons sont
en accord avec les données de Bonnet et al. et Mancic et al. Pour les électrons
nous sommes en accord avec les données de Chen et al., Bonnet et al. et Nakanii
et al.

Nos résultats pourront étre efficaces pour des autres installations.
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