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Introduction

Context

People know laser mainly through their daily applicatiofisey can be found in compact-
disc players, in the supermarket when reading the bar coelesorduring fireworks show.
More specifically, they can be found in the industry to cut @dvmetals or in hospitals
for eye surgery. In the research field, the LASER tool (acrorigr Light Amplification
by the Stimulated Emission of Radiation) is used in a vargtgonfigurations in many
scientific fields. In plasma physics, this tool is used to gateevery intense and ultra-
short laser pulses in order to study the behaviour of ioninedia.

Electron acceleration using laser-plasma interactionfisld of research, the rocket-
ing evolution of which testifies the control of powerful lasystems and a better under-
standing of the underlying physical processes involvethisiinteraction. This discipline
belongs to the study of laser-mater interaction. Ultrarspowerful laser systems have
been used in the development of fields such as the harmone&aem, the production
of hard X-rays, particle sources, ... These studies havkttemany applications in trans-
disciplinary fields : analysis of materials, developmenXddV lasers, surface treatment,
chemistry and biology are some examples.

Conventional accelerators allow the generation of eled@ams with controlled and
excellent properties. However, the accelerating eledigld in radio-frequency structures
is limited to value of the order of 50 MV/m (i.e. $10’ V/m), in order to avoid the
breaking of the wall of the accelerating structure. Congedjy, in order to reach higher
energy for particle physics, scientists have built alwaygér infrastructures. The former
electron accelerator at CERN (LEP) allowed the productidsOdaGeV electrons collected
in a huge storage ring of 27 km in circumference. The size eflthilding (which also
determines the cost) has become a real limit. Moreover,abiglerating technique is
not adapted for industrial of medical applications. Fotanse, the obstruction of such
accelerators in a treatment room limits the final energy td/2, which is misfit for the
treatment of tumours located deeper than 10 cm.

The appearance of new accelerating techniques to prodglehergy electrons arouses
an important interest.The accelerating electric field inesma wave is now of the order
of TV/m (i.e. 10 VV/m), which allows a significant shrinking of the accelengtdistance.
Plasmas are ionised media which can sustain very high ieléelds, contrary to standard
cavities which are limited by the ionisation of the walls.iFtechnique uses the very high
electric field generated by a plasma wave. There exist twhoakstto drive the plasma
wave : either using an electron beam emerging from a conwegitacccelerator, or using
very intense laser pulses. The first technique, which akbthe observation of energy
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gains of 2.7 GeV for electrons from SLAC initially at 30 Ge¥, only 10 cm of plasma
(Hogan et al., 2005), won't be discussed in this document.

These promising results obtained on the electron energygltine acceleration in
plasma waves should not hide the difficulties faced in suctianeCurrently, even if the
properties of the electron beam are excellent accordingaoynariteria (energy, charge,
divergence, duration), the control of such propertiesilslshited. This introduces the
work done during my PhD, aiming at a better understanding@fahysical mechanisms
involved and at the development of adapted applications.

Goals of the thesis

This thesis is an experimental study of the electron acagter to high energy using
intense laser pulses. Experiments presented here havepesgemmed at Laboratoire
d’Optique Appliquée in Palaiseau. The title of the PhD ditation “Production of quasi-
monoenergetic electron beam and development of applicgitguggests two guidelines :
on the one hand the improvement of the properties of thereletteam and on the other
hand the study of applications which emphasize these piepel he general structure of
the document follows these two axes.

Outline

The first chapter contains a general description of the acagbns mechanisms in laser-
plasma electron acceleration. These techniques haveeslalith the laser technology.
The generation of shorter laser pulses lead to always higleetron energies.

The experimental results are distributed in chapters 2 aiith& first one describes the
characterization of the electron beam properties and shimiggie properties : a quasi-
monoenergetic spectrum, a high charge and a low divergéliftese exceptional prop-
erties have been observed in a restricted range of paranéterinfluence of which is
presented in detail. Numerical simulations are carriedobelp the understanding of the
acceleration scenario and statistics of the electron bearmdescribed.

The following chapter describes the observation of finecstmes in the electron
beam : (i) some electron spectra show oscillations. Thesataibuted to betatron os-
cillations, for which an analytical model is described takinto account the longitudinal
acceleration. (ii) The measurement of the transition f&mhiain the visible range con-
firms that the electron beam has some structures at the l&spreincy, that disappears
with propagation distance. This is reproduced in simutegidetailed in this document.
Using the same technique closer to the electron sourcetrapetterferences have been
recorded in the OTR signal, which can be explained by suseeskectron bunches pass-
ing through the interface. This measurement gives accegetdelay between electron
bunches at the interface. (iii) The measurement in the THralo confirms that this
electron beam has structures shorter than 100 fs. In the shamer, | also show the
properties of the laser : the laser pulse duration, measwit#ttla single-shot autocor-
relator, is shortened during the interaction. The tran@ditaser energy and the energy
dumped into the plasma waves can be estimated using an igndigignostic. The Thom-
son scattering diagnostic is used to visualize the lasqrggation where the scattering is
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important and an interferometry diagnostic gives the fleeteon density in the plasma.

The last chapter gathers all applications of the electrambdeveloped in the labo-
ratory during this thesis. These applications have bearctal to emphasize the unique
properties of this electron source. | show the results gfray radiography experiment,
some simulations of the dose deposited for radiothera@trtrent, but also the experi-
mental study of water radiolysis in femto-chemistry and gie@eration of hard X-rays.
The radiography shows that tlyeray source size is smaller than the one obtained with
equivalent conventional accelerators. Simulations fdratnerapy show the competitive
properties of electron beams in terms of dose depositionetpation depth and trans-
verse penumbra. Water radiolysis emphasizes the brevitiyeoélectron bunch in order
to probe short-lived events. Finally, the generation ofmste X-rays requires all the good
properties of this electron beam.

This dissertation is followed by three appendices : theydital method which de-
scribes betatron oscillations of electrons in an ionic clehmcluding simultaneous ac-
celeration, the detailed description of the electron gpeatter which has been used to
design new spectrometers for future experiments and fittadyabsolute calibration of the
electron spectrometer, which allows to avoid the use of tegnating current transformer.






Chapter 1

Theory and evolution of electron
acceleration using laser-plasma
Interaction

Laser-plasma-based electron acceleration starts in 19@8 wlasma waves are proposed
to accelerate particles (Tajima and Dawson, 1979). Sinsertbment, fast and important
improvement have been achieved, giving birth to severadlacation mechanisms. This
evolution is reproduced in this chapter. First, the phyisicantities used in the following
are introduced and the example of acceleration in a lineacdd2 is presented. This is
followed by the list of some non-linear phenomena which aedito describe the history
of laser-based electron acceleration. Finally, in ordereech even higher energies, the
last models of acceleration are presented.

First, the next two ssections introduce the equations angipal quantities used to
describe the interaction. These formulas are given is tteenational unit system (SI).

1.1 Propagation of an electromagnetic wave

1.1.1 Maxwell equations

An electromagnetic wave is a vibration that propagates ats@and which contains both
an electric and a magnetic component. A laser pulse is atr@teagnetic wave. The
propagation of an electromagnetic wave in a medium is desdrby the Maxwell equa-
tions :

ﬁé:sﬂ fB=0
0
. . 1.1)
OAE = —— OAB= 22
at 2o Hol

whereE andB are the electric and magnetic fields respectivelgnd | describe the
medium and are the local density and the current densityeotsely. €9 and | are
the permittivity and permeability of vacuunt is the celerity of light. The operatds
corresponds to the spatial partial derivative vector

- 0 0 0
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1&hapter 1. Theory and evolution of electron accelerationgisser-plasma interaction

From this set of equations, one obtains the equation of gaipan of the electric field.
In vacuum p = 0 andj = 0), this is written :
1 0°E
c2 at?

In the frequency domain (for the temporal variable), it bees :

O%E(X,t) — (X1)=0 (1.3)

02E (X, w) +§E(xw) =0 (1.4)

In a more general case of a propagation in an isotropic medwna introduces the
refractive indexn in the equation of propagation, which contains the respaigste
medium

-

[2E (X, w) +gn2(w)ﬁ(i,w) =0 (1.5)

1.1.2 Laser parameters

In general, one uses potentials to describe these fieldsre Bxést a vector potentiah
and a scalar potentig that verify :

E_ o2
ot (1.6)
B=0AA

These potentials are not described uniquely. It is possithbfend other solutions with a
gauge transformation. We usually work in Coulomb gatige = 0.
In the following, we will use the normalized vector poteh@iadefined by :

—

g A
MeC

whereeis the electron charge amd its mass.
One also introduces the intensity(which is in fact an illumination), which is the
average of the Poynting vector over an optical cycle :

(1.7)

| = 0280<EAI§>t (1.8)

where brackets design the temporal average on one opticia.cy

1.1.3 Gaussian beams

Short laser pulses delivered by laser systems have a breattsm which contains many
modes locked in phase. This spectrum is usually descrilbgplgby a gaussian envelope,
thus also leading to an gaussian temporal envelope, whidbse to reality. In the same
way, the spatial profile of the laser pulse at the focal plarado represented by a gaussian
function. The electric field has the following form for a lemty polarized pulse :

E(r,2t) = (1,29t 2) expli(koz — o)) 6 + Co (L.9)
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Equation 1.9 contains a carrying envelope with wave nurkpand frequencyy and
spatial and temporal information containedfir, z) andg(t) respectively. The following
gaussian expressions (Eq. 1.10) verify the equation ofggapon of the electric field
in vacuum in the paraxial approximation. These expressiepsoduce accurately the
electric field of the laser when the focusing optics have sapsrture.

t—z/c)2

To

g(t,z) =exp [—2In2 (

. ., (1.10)

- Wo B o ko .
f(r,z) = e exp[ WD) I2R(z)} expi@(z)
whereTty is the pulse duration at full width at half maximum (FWHM)p % the waist
of the focal spot (the radius at/& of the electric field in the focal plane= 0). ¢(2)

is the Gouy phase. Functiongzy andR(z) represent respectively the radius aebf
the electric field and the radius of curvature of the wavetfrarhese functions take the

following form :
72
W(z) = Wo 1+Z—r2 (1.11)

R(z)=z (1+ Zrz) (1.12)

72

Z = nw%/)\o is the Rayleigh length. This physical parameter represtr@dength
where the laser intensity on axis has dropped by a factor Zoeoea to the intensity in
the focal planeZ= 0).

Starting from this expression of the electric field, thedaling relation exists between
the maximal intensityp and the poweP :

2P
lo=— (1.13)
TWg
. /In2U U . . .
with P =2 n? s whereU is the energy contained in the pulse.
0

0
Then, the following relation lies the maximal intenslgyand the maximum of the
normalized vector potential

2 1/2
ag = <W7\5|O) (1.14)

The physical quantities will be usefull in the following testribe the experiments
done.

Numerical application

The laser at Laboratoire d'Optique Appliquée delivers aargy ofU = 1 J on target
in 1o = 30 fs, which corresponds to an effective powePaf 33 TW. The wavelength
Ao is 820 nm. An off-axis parabolic mirror with focal length= 1 m focuses the
beam down to the diffraction limit w~ aAqf/d = 18 um, whered = 55 mm is
the diameter of the beam before focusing. For an homogeneictidar beam in
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near field, the constamt equals 1.22. One estimates around 50% of the energy is
contained in the focal spot. One deduces a maximal intehsity3 x 10'® W/cm?,
which leads tag = 1.3.

Whenap exceeds unity, the oscillations of an electron in the lagdd thecome rela-
tivistic. In our experimental conditions, the motion of #hlectrons is relativistic.

1.2 Plasma waves

A plasma is a state of matter made of free electrons, totallgastially ionized ions
and neutral molecules, the whole medium being globally na¢as many positive as
negative charges). Plasmas are present in our daily lifsph screens, plasma lamps for
instance). More generally, they form a large part of the arge : interstellar plasmas,
stars (such as our sun), ...

1.2.1 Plasma parameters

Let’'s assume an initially uniform, non-collisional plasamawhich a slab of electron is
displaced from the equilibrium position. The restoringc®which applies on this electron
slab, drives them towards the equilibrium position. Fortinge scale corresponding to
the electron motion, one neglects the motion of the ionsumxaf the inertia. This gives
in the end oscillations around the equilibrium position &teguency called the electron
plasma frequenciope

(1.15)

whereng is the unperturbed electron density.

This frequency has to be compared to the laser frequencywpdf< wy then the
characteristic time scale of the plasma is longer than theaperiod of the incoming
radiation. The medium can’t stop the propagation of thetedatagnetic wave. The
medium is said to be transparent or under-dense. On the b@pafienwpe > wp then
the characteristic time scale of the electrons is fast endogdapt to the incoming wave
and to reflect totally of partially the radiation. The mediigisaid to be overdense.

These two domains are separated at frequenagywhich corresponds to the critical

densityne = wimeeo,/ €.

Numerical application

For an wavelengti\g = 820 nm, one obtains; = 1.7 x 10?* cm~3. in our exper-
imental conditions with gas jets, the electrons densitygeaninne € [107;107]
cm—3. We work in an underdense plasma and the laser pulse prasagat

In the 3D case, if one assumes that plasmas are perfect gademnogeneous plasma
has an electron velocity distributioig(ve) which obeys the Maxwell-Boltzmann relation
at thermodynamic equilibrium.:

3/2 1 2
fo(Ve) = Ne ( 2T:1T<:Te) exp(—— meve) (1.16)
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wherekg is the Boltzmann’s constant, is the temperature of the electron gas. The
average thermal velocity of the electrons for this distfidiis vie = 1/ kg Te/Me

1.2.2 Fluid equations

Let fe(X,V,t) be the distribution function of the electrons in the phasecsp This means
that the number of electrons between positidaadx+ dX with a speed betweahandv+

dv at timet is given byfe(X,V,t)[|dx]| |dV]|. The Vlasov equation describes the evolution
of the distribution function in the electrié and magneti® field of the wave in the non-
collisional regime :

aa—%w Dfe—n—]e <E+\7’/\B)

ofe

1.17
7~ 0 (1.17)

In general, we use more explicit expressions of the Vlasamaggn. These are fluid
equations obtained from the momenta of Eq. 1.17 by integgaiiver velocities [ d3V),

and assuming the the local field equals the average field.

one

W—FD (NeVe) =0

(1.18)
6\7e e — — - =
S+ (Ve D)= o <E+\79/\ B) om0 Pe

The macroscopic quantities are

e the densityne(X,t) :/fe(i,v,t)dg’v
. 1 3
» the velocitywe(X.1) = o / fo(X,9,1) V &V

o the pressur®s (X,t) — me / Fo(%,,t) (V— Vi) (V— V)t 3.

whereV! represents the transposed of vedtor

These two equations 1.18 represent respectively the omaiger of mass and the
equation of motion. They describe the response of the plésaraelectromagnetic wave.

1.2.3 Unidimensional model of the acceleration of electrain a plasma
wave

One studies here the theory of trapping of electrons in aion@dsional relativistic plasma
wave (Mora and Amiranoff, 1989). | detail the calculatiorecause | think relevant to
understand the acceleration mechanism in a simplified case.
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Electric field of the plasma wave

One considers now a periodic sinusoidal perturbation okteetron plasma density in a
uniform ion layer. Mechanisms responsible for the exatawf the plasma wave will be
described in the following section. The density perturdbadn is written :

ON = dNeSin(kpz — wpt) (1.19)

wherewyp andky are the angular frequency and the wave number of the plaswva wa
This density perturbation leads to a perturbation of thetelefield 5E via the Poisson
equation 1.1

fnog o (1.20)
€0
This gives
_ one € .
OE(zt) = cogkpz— wpt)& (1.21)

Because we want to describe the electron acceleration ativistic energies by a
plasma wave, we consider now a plasma wave with a phase teleciose to the speed
of light vy = wp/kp ~ €. Let Eg = meCwpe/€. The electric field becomes :

3E(zt) = Eo%3 cogkpz— wpt )& (1.22)
e

One notice that the electric field is dephased-biy/4 with respect to the electron
density.

Lorentz’s transform

Let's now describe what happens to an electron placed ineleistric field. The goal
is to obtain the required conditions for trapping to occuheTollowing variables are
introduced to describe the electron in the laboratory framghe positiont the associated
time, B the velocity normalized ta, y= 1/+/1— 2 the associated Lorentz’s factor. In
the frame of the plasma wave, Btt’ ,’ andy represent the equivalent quantities.

The frame linked to the plasma wave is in uniform constamidi@ion at speed
vp = Bpc. One writesyp the Lorentz’s factor associated to this velocity. The Lozén
transform allows to switch from the laboratory frame to theve frame :

Z= Vp(Z—Q/’pt)
t' = yp(t — pr) (1.23)
Y = Yyp(1— ﬁﬁp)

In this new frame, without magnetic field, the electric fiedthrains unchangest’
- - o
3E'(2) = O (2,t) = Eo % coslkp /¥p)6; (1.24)
e
Consequently, in terms of potential, the electric field isivd& from potentiald’

defined by
F=—edE =-0¢ (1.25)
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This leads to
D' (Z) = m(?ypan—rle sin(kpZ /yp) = M (Z) (1.26)

Finally, one writes the total energy conservation for theipke in this frame compared
to the initial energy at the injection time (labelled withosaript 0) :

Y (@) +d(Z) = vo(20) + (%) (1.27)

Normalized potential (p;J
o
o
L
o~

€ -4 -3 -2 -1 0 1 2 3
Phase (k z- /T

Figure 1.1: Trajectory of an electron injected in the potential of thagpha wave in the
frame of the wave. The letters correspond to the instant whgthe electron
is injected in the wave, b) the electron travels at the spétteplasma wave,
c) the electron has the maximal velocity and enters the deatelg part of
the wave.

Equation 1.27 gives the relation between the electron gnang its position in the
plasma wave. Figure 1.1 illustrates the motion of an elecingected in this potential.
Finally, we perform the reverse Lorentz’s transform to gikis energy in the laboratory
frame.

Forf’ > 0, the scalar product in eq. 1.23 is positive

Y=YV¥p+/Y?—1/¥3—1 (1.28)

For’ < 0, scalar product in eq.. 1.23 is negative

VO v 029

Electron trajectories

Figure 1.2 represents an example of electron trajectoryptasma wave. In this phase
space, the closed orbits correspond to trapped particlpen©rbits represent untrapped
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Figure 1.2: Electron trajectory in a plasma wave in the phase spkge—wpt,y) for
Yp = 10 anddne/ne = 0.05. The thick line represents the separatrix. Closed
orbits are trapped trajectories and open orbits are ung@ajectories. The
letters match the instants defined in caption of Fig. 1.1.

electrons, either because the initial velocity is too lomahigh. The curve which sepa-
rates these two regions is called the separatrix.

This separatrix gives the minimum and maximum energiesrémped particles. This
is comparable to the hydrodynamic case, where a surfer haawd to gain velocity and
to catch the wave. In terms of relativistic factgihas to belong to the intervjmin; Ymax
with :

Ymin = Yp(1+2Ypd) — /Y5 — 1\/ (1+2yp8)° - 1
Ymax= Yp(1+2ypd) + \/ V% - 1\/(1+ 2Vp5)2 -1

whered = dne/ne is the relative amplitude of the density perturbation.

One deduces that the maximum energy g&\ivax for a trapped particle is reached
for a closed orbit with maximum amplitude. This correspotathe injection at/yin on
the separatrix and its extractionygtax. The maximum energy gain is then written

(1.30)

AWmax = (Ymax— Vmin)mc2 (1.31)

For an electron density much lower than the critical density< nc, one hasyp =
wop/wp > 1 and

Miax = 4%% me (1.32)
e

For electron travelling along the separatrix, the time ssaey to reach maximal en-
ergy is infinite because there exist a stationnary point etgry,. On other closed orbits,
the electron successively gains and looses energy dusingtétion of the phase space. In
order to design an experiment, one needs an estimation digtence an electron travels
before reaching maximal energy gain. This length, whichalted the dephasing length
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Ldeph COrresponds to a phase rotatiomef/2 in the phase space. In order to have a sim-
ple analytical estimation, one needs to assume that thgyegain is small compared to
the initial energy of the particle and that the plasma wawvelitivisticy, > 1, then the
dephasing length is written

LdethV%)\p (1.33)

This concept of dephasing length in a 1D case can be refinedbirdamensional
case. Indeed, if one also takes into account the transvéesgseof the plasma wave,
this one is focusing or defocusing for the electrons alorgy #hicceleration (Mora, 1992).
Because these transverse effects are shiftedl g with respect to the pair accelera-
tion/deceleration, the distance over which the plasma wsabeth focusing and acceler-
ating is restricted to a rotation @f,/4 in phase space, which decreases by a factor 2 the
dephasing length from eq. 1.33.

L340, ~ VPAp/2 (1.34)

In these formulas, one has considered a unique test eleethoch has no influence on
the plasma wave. In reality, the massive trapping of pasichodifies electric fields and
distorts the plasma wave. This is called space-chargetdf@mulomb repulsion force).
Finally, this linear theory is difficult to apply to highly melinear regimes which are ex-
plored experimentally. Some non-linear effects conceysinort pulses are described in
the next section. Nonetheless, these formulas are usefsdigle the experiments.

1.3 Non-linear effects

1.3.1 Ponderomotive force

Let’s take a non-relativistic electron for a short while altaser field with a weak intensity,
the average position of an electron is constant. If one oerbpk linear terms in fluid
equation 1.18, there remains (Kruer, 1988):

ov, e .
g _—n—]eE (1.35)

The electron directly varies with the electric field. Lettasider now a laser pulse slightly
more intense, so that the electron velocity becomes sjigiah linean, = VADNEYAUD
with V") < ||V’ ||. The second order terms satisfy the following equation

(n) -
% = (%O = (% AB) (1.36)

By keeping the low frequency component of the equation ofionot.e. by averaging
over an optical cycle, one obtains

o(w™) E

M ~ 2eno P

(1.37)
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pr is called the ponderomotive force. This force repels chawgarticles from re-
gions where the laser intensity gradient is large (whatéwversign of the charge). This
ponderomotive force derives from a ponderomotive potéwtrach is written as follow

| e2E?

= =——_ 1.38

Numerical application
For an intensitylg = 1 x 10*° W/cn? and a wavelength fim, one obtains a pondero-
motive potential ofp, = 1 MeV.

Therefore, it is not possible to use the ponderomotive fascan accelerating mecha-
nism to high energies. Nevertheless, it has an importaatirothe interaction because it
drives a strong amplitude plasma wave. Work on the pondetisenfmrce in the relativis-
tic regime and for a relativistic velocity of the plasma wénas also been reported (Mora
and Antonsen, 1996, 1997; Quesnel and Mora, 1998).

1.3.2 Laser self-focusing

For a laser intensity above 30W/cn?, the motion of an electron in an intense laser field
becomes relativistic. In this case, local properties ofrttezlium vary as function of the
laser intensity. In particular, the refractive index in #guation of propagation (eq. 1.5)
depends on laser intensityl ) = no+n32l. The plasma medium acts as a focusing lens for
the electromagnetic field of the laser. If one considers tdyelativistic contribution, the
critical power for self-focusing?. for a linearly polarized laser pulse is written (Sprangle
etal., 1987):

_ 8mEgméc® ne

P
¢ €  ne

(1.39)

Numerical application
For an electron density, = 10*° cm™3, for a laser wavelengthg = 1um, one obtains
a critical powerP, =2 TW.

This formula doesn’t account for other phenomena which aisdify the refractive
index : the plasma wave, the ponderomotive effect on thdreles, the ion channel cre-
ated by a long prepulse. For instance, the plasma wave tertisfdcus the laser pulse,
which might prevent the pulse from self-focusingPa(Ting et al., 1990). Then, because
of an electron density bump at the front of the plasma wawve |ldker field in the first
plasma bucket can't self-focus (Sprangle et al., 1992).s€quently, the laser pulse tends
to erodes by the front. In particular, this theory predittattit’s not possible for a laser
pulse shorter than the plasma wavelength to remain selfskxt.

In reality, current experiments use very intense lasergads > 1 and density per-
turbations are not linear anymore. Then, consequencesessethifocusing of very short
laser pulses are less obvious.
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1.3.3 Wave breaking

Up to now, we have considered only linear plasma waves. Uswlen assumptions, the
maximal amplitude of the electric field Bynax= Eo for a density perturbation equal to 1
(see Eq. 1.24)Ey is called the non-relativistic wave breaking limit for cgithsmas. It
reaches 300 GV/m for a density¥a&m3. Please note the four order of magnitude when
compared to conventional accelerators. In reality, fohhpéasma wave amplitudes, the
density variation is no longer sinusoidal. The electriafiehn exceedy (Dawson, 1959)
(see Fig. 1.3).
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-40 -30 -20 -10 0

(V4 t) (um)

Figure 1.3: Example of electric field (solid line) and electron densidgghed line) for a
non-linear plasma wave.

But the maximum electric field a plasma wave can sustain isdohby wave breaking.
Wave breaking occurs when electrons which form the plasnvaaee trapped in the wave
itself and accelerated. This leads to a loss of structur@etetectrons which create the
electric field of the wave and therefore to the damping of mgpktude. Once again, the
hydrodynamic analogy reveals to be useful to describe tioisgss : when a wave reaches
the coast, its profile steepens until foam appears on its @edkt breaks. The white foam
which travels quickly on the wave corresponds to water mdescwhich initially took
part to the collective motion of the wave and became trappéte structure. The wave
amplitude drops quickly then.

For a relativistic plasma wave, the electric field when wageaking occurs is (Arkhiezer
and Polovin, 1956) :

Edet = 1/2(Yp—1)Eo (1.40)
This formula is obtained in the case of cold plasmas (whesdghsor of pressure is

neglected in 1.18). Thermal effects tends to trigger wawaking before the cold limit
(Rosenzweig, 1988; Katsouleas and Mori, 1988).
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1.4 Acceleration mechanisms

At first glance, the electricmagnetic field doesn’'t seem adggmution to accelerate elec-
trons : the electric field is mainly transverse to the propageof the wave and its direc-
tion alternates every half period of the oscillation. Aeration mechanisms presented
here require an intermediary : the plasma wave. This onedgeskby the laser pulse
and allows to create a longitudinal electrostatic field faable to the acceleration of
electrons. The general diagram is represented on Fig. 1.4.

Figure 1.4: (Color) Principle of laser-plasma acceleration : from th&raction of an
intense laser pulse with a gas jet, one obtains an electam bé&the output.

In section 1.2.3, a simple model of the electron accelenati@ plasma wave has been
presented. Now, the link between the electricmagnetic bélthe laser and the plasma
wave has to be described. Several mechanisms have beeopkyed excite a large-
amplitude plasma wave. These acceleration mechanismselaixged as the laser pulse
duration shortened and maximal intensity increased. dlfytithe acceleration was well
described by linear formulas. Then, as the intensity ire@danon-linear mechanisms
have appeared (Raman instability (Drake et al., 1974)tivestic self-focusing (Mori
etal., 1988), relativistic self-modulation (McKinstrie@Bingham, 1992)) which allowed
to reach even higher electric fields and particle beams witue properties. A major
improvement, which is one of the major feature of this thesisthe measurement of
electron beams with a quasi-monoenergetic spectrum. Newids have appeared to
explain how to control the properties of this peak in the #tet spectrum. These new
theories will be introduced in section 1.5.

As explained in the introduction, it is also possible to drav plasma wave with an
electron beam coming from an accelerator. Electrons platdtie front of the bunch
excite a plasma wave, in which electrons located at the bitledounch can gain energy.
At SLAC for instance, a gain of 2.7 GeV has been measured a@teim of plasma for
electrons intially at 30 GeV (Hogan et al., 2005). This ajpgiowon’t be described in
this document.
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1.4.1 Linear regime
Laser wakefield

Acceleration in a laser wakefield has been introduced byngagand Dawson (Tajima and
Dawson, 1979). The perturbed electron density driven bylaker pulse is favourable
to the acceleration of particles. The electron density lgrabtained behind a gaussian
laser pulse has been reported &gr< 1 (Gorbunov and Kirsanov, 1987). For a linearly
polarized laser pulse with full width at half maximum (FWHMR2In2L (in intensity),
the normalized vector potential is written :

2
a?(zt) = a3exp [— (M) ] (1.41)
KoL
In this case, the associated electric field is
2
E(zt) = EO\/jaOkaexp(—kﬁLzM) cogkoz— t)&, (1.42)

Equation 1.42 explicitly shows the dependence of the aog#ibf the wave with the
length of the exciting pulse. In particular, the maximalefor the amplitude is obtained
for a lengthL = v/2/ky, (see Fig. 1.5).
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Figure 1.5: Amplitude of the electric field as function of the length of augsian laser
pulse for a normalized vector potentaj = 0.3.

Numerical application

For an electron densitgle = 10'° cm~3, the optimal pulse duration equals= 2.4
um (equivalent to a pulse duratian= 8 fs). Forag = 0.3, the maximal electric field
isE =10 GV/m.
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Beating wave

Initially, laser pulse durations were long compared to tleesma period. In order to have
an efficient coupling between the laser pulse and the plasswa,wmew techniques had to
be developed to generate an electromagnetic wave at the@lasquency. This requires
two copropagating laser pulses with frequengyandw, having a difference correspond-
ing to the plasma frequenay, — w1 = wp. The overlapping of these two pulses then gen-
erates a beating wave @}, which drives resonantly the plasma wave. In this regime, the
amplitude of the plasma wave reaches approximately 30%eofriial density, which
limits the accelerating field to a few GV/m.

In 1993, Claytoret al. (Clayton et al., 1994) have obtained a final energy of 9.1 MeV
for electrons injected initially at 2.1 MeV. Other experime in this regime have also
been carried out at UCLA (Everett et al., 1994) (gain of 30 Nl&fEcole Polytechnique
(Amiranoff et al., 1995) and at Osaka (Kitagawa et al., 196R)nstance.

Physical processes which limit this technique are the matidhe ions, which has to
be taken into account for such long pulses, the relativi#ighasing of the plasma wave
for higher laser intensity and the growth of instabilities.

1.4.2 Non-linear regime
Self modulated wakefield

Thanks to the development of laser systems with a high poagaashort pulse duration
(500 fs), which could deliver a large energy (100 J), nondineffects in plasma could
be studied. The cumulative effects of the self-focusing #redself-modulation of the
laser envelope by the initial perturbation of the electrensity generates a train of laser
pulses which becomes resonant with the plasma wave. Thissgsefre described on
Fig. 1.6. The self-modulated laser wakefield regime has loeasstigated theoretically
(Sprangle et al., 1992; Antonsen and Mora, 1992; Andree\.et1892). Their work
show that when the laser pulse duration exceeds the plasnea @&ad when the power
exceeds the critical power for self-focusing, a uniquergsgse becomes modulated at
the plasma wavelength during its propagation. This medmantalled Raman scattering
and which describes the decomposition of an electromagmetve into a plasma wave
an a frequency shifted electromagnetic wave, gives finalhgduhations similar to those
produced with two laser pulses by the beating wave techragdeallows the acceleration
of electrons (Joshi et al., 1981).

During experiments carried out in England in 1994 (Modenal ¢t1995), the ampli-
tude of the plasma waves reached the wavebreaking limitiandiectrons initially belong-
ing to the plasma wave are self-trapped and acceleratedhceehiergies (see Sec. 1.3.3).The
fact that the external injection of electrons in the waveadanger necessary is a major
improvement. They have measured an electron spectrumdirteap to 44 MeV. This
regime has also been reached for instance in the Uniteds&ta€@JOS (Umstadter et al.,
1996), at NRL (Moore et al., 2004). However, because of ttaihg of the plasma by
these relatively “long” pulses, the wave breaking occumedl before reaching the cold
wave breaking limit, which limited the maximum electric tieb a few 100 GV/m. The
maximum amplitude of the plasma wave has also been measubedn the range 20-60
% (Clayton et al., 1998).
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Figure 1.6: Self-modulation of the laser envelope and coupling with gleesma wave

amplitude. Initially, the laser propagates on a plasma idepgrturbation

(a). This modulates the laser envelope, which increasesdhpling with

the plasma wave, the amplitude of which increases (b). Kjntdle self-

modulation mechanism generates a train of laser pulseggdfgca plasma
wavelength, which resonantly excites a large amplitudempawave (c).
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Figure 1.7: Typical electron spectrum obtainedt= 7.5 x 10'® cm3 with a 1J-30fs
laser pulse focused down to a waist of w 18um.

Forced wakefield

These unique properties of laser-plasma interaction gt lvigh intensity, previously ex-
plored only on very large infrastructures, became accks$ir smaller systems, fitted
to university laboratories. These laser systems, alsodb@asehirped pulse amplification
(Strickland and Mourou, 1985) and using here Titanium Sappirystals, fit in a room
of several tens of meters square and deliver on-target gioé2-3 J in 30 fs. This corre-
sponds to 100 TW-class laser systems which can deliver ansity of a few 16° W/cn?
after focusing. Many publications have shown that thesiitias which deliver a modest
energy and operate at a high repetition rate, can produagetiecelectron beams with
a quality higher than larger facilities. For instance, gsihe laser from “Salle Jaune”
at LOA, electrons have been accelerated to 200 MeV in 3 mmasph (Malka et al.,
2002). The mechanism involved is called forced laser wakktitedistinguish it from the
self-modulated regime.

Indeed, thanks to short laser pulses, the heating of thenplas the forced laser
wakefield is significantly lower than in the self-modulateakefield. This allows to reach
much higher plasma wave amplitudes and also higher eleetiergies. Thanks to a lim-
ited interaction between the laser and the acceleratett@hesc the quality of the electron
beam is also improved. The measurement of the normalizedvesse emittance has
given values comparable to those obtained with conveniteseelerators with an equiv-
alent energy (normalized rms emittarge= 3t mm.mrad for electrons at 552 MeV)
(Fritzler et al., 2004).

Electron beams with maxwellian spectral distributiong@xential decay, see Fig. 1.7),
generated by ultra-short laser pulses, have been producathny laboratories in the
world : at LBNL (Leemans et al., 2004), at NERL (Hosokai ef 2003), and in Europe
at LOA (Malka et al., 2001) or at MPQ in Germany (Gahn et al99)%or instance.
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Bubble regime

More recently, theoretical work based on 3D PIC simulatiozge shown the existence of
a robust acceleration mechanism called the bubble reginieh@® and Meyer-ter Vehn,
2002). In this regime, the dimensions of the focused lasershorter than the plasma
wavelength in longitudinal and also transverse directidiius, the laser pulse looks like
a ball of light with a radius smaller than 1in. If the laser energy contained in this volume
is high enough, the ponderomotive force of the laser exgétsently electrons from the
plasma radially, which forms a cavity free from electron$ibe the laser, surrounded
by a dense region of electrons. Behind the bubble, electtpajectories intersect each
other. A few electrons are injected in the cavity and acegdel along the laser axis, thus
creating an electron beam with radial and longitudinal disiens smaller than those of
the laser (see Fig. 1.8).
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Figure 1.8: Acceleration principle in the bubble regime.

The signature of this regime is a quasi monoenergetic eledistribution. This con-
trasts with previous results reported on electron acceteraising laser-plasma interac-
tion. This properties comes from the combination of seviretiors :

e The electron injection is different from that in the self-dutated or forced regimes.
Injection doesn’t occur because of the breaking of the acaBhg structure. It is
localized at the back of the cavity, which gives similariadiproperties in the phase
space to injected electrons.

e The acceleration takes place in a stable structure duriogggation, as long as the
laser intensity is strong enough.

e Electrons are trapped behind the laser, which suppressgaation with the electric
field of the laser.

e Trapping stops automatically when the charge containelddrcavity compensates
the ionic charge.

e The rotation in the phase-space also leads to a shortenitig apectral width of
the electron beam (Tsung et al., 2004).
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Several laboratories have obtained quasi monoenergetitrsp: in France (Faure
et al., 2004) with a laser pulse shorter than the plasma ghdoiat also with pulses longer
than the plasma period in England (Mangles et al., 2004 henUnited States (Geddes
etal., 2004), then in Japan (Miura et al., 2005) and in Geyn(ididding et al., 2006). The
interest of such a beam in important for applications : itagvrpossible to transport and
to refocus this beam by magnetic fields. With a maxwelli&e-Bpectrum, it would have
been necessary to select an energy range for the transgodh would have decreased
significantly the electron flux.

1.5 Future of the laser-based acceleration

The building of even more powerfull laser facilities (Pegticlass, i.e. 18 W), allows
the prediction to even higher energies. The next step isachrén routine the symbolic
threshold of 1 GeV with these systems. The following thessigow that it's also possible
to reach 1 GeV with current 100 TW-class laser systems. leraim scale correctly the
next experiments, theoretical studies are carried outhferaicceleration to 1 GeV, either
by extrapolating the bubble regime to higher energies, mgligear plasma waves which
can be controlled more easily. The first one generates tlor@tebeam in a single stage
whereas the second one requires also the injection of efeafith good initial properties.
One says it is a two-stage acceleration process. It migbtepossible to study stacks of
linear stages (multi-stage approach) but problems of panef the beam between stages
also appear. This multi-stage approach won't be discusstifollowing.

1.5.1 Extension of the bubble regime to higher energies, doagy laws
Fields in a relativistic spherical cavity

Fields in a spherical relativistic cavity have been repbrémalytically (Pukhov et al.,
2004; Lu et al., 2006a). In order to simplify equations, ians considered immobile on
these time scales. However, for very high values of the vguitential, this assumption is
no longer valid (Rosenzweig et al., 2005). The origin of ttaarfe is placed at the center
of the spherical cavity. Under the quasistatic assumptielectric and magnetic fields in
the cavity have the following expression :

© (x—vpt)/2 o 0
EC&V(Xa y,Zt) = Eo—> y/4 éC&V(Xa Y,Zt) = Eo—= z/4
c z/4 c -y/4
(1.43)
This dependency of the fields matches pretty well PIC simanatin this regime
(Fig. 1.9) (Pukhov et al., 2004). Slight mismatch with thenfalas comes from an imper-
fect spherical structure in the simulations.

Similarity theory

Up to now, analytical equations have been obtained only petturbative models or 1D
non-linear regime. But a fully relativistic 3D theory wasdlIshissing to describe correctly

lequations depend only dn= x— vpt instead ofk andt separately
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Figure 1.9: Comparison of the fields from the 3D PIC simulations (dastiee) lwith
analytical formulas from Eq. 1.43 (solid lines). Axes haesib normalized.

the interaction. Work has been done to obtain scaling lavpsddict the properties of the
electron beam (Gordienko and Pukhov, 2005; Lu et al., 2Q0@lne main results are
reproduced here.

The first theory describes the similarity of the equationanrultra-relativistic regime
(Gordienko and Pukhov, 2005). After a strong assumptioesehauthors give the equa-
tions of motion with only three independent parmeters : tlastvof the laser y; the
pulse duratiort (FWHM) and the similarity parameté&® = ne/(agnc). In other words,
this similarity theory states that for givenpvandt, the laser pulse propagation and the
electron beam properties depend on the vari&blé Sis constant, one says that the prop-
agation is similar : physical quantities can be scaled sateesimulation looks the same.
This is shown on Fig. 1.10. lons are also considered immdiate. Authors have also
recently described similarity parameters for ions, whigdnWwbe discussed here.

In this regime (see Sec. 1.4.2), the electron spectrum isigoanoenergetic and the
properties of the electron beam can be described with teisrih

Assumptions In order to clarify the validity of the equation, here is a b§the assump-
tions required.

1. Ultra-relativistic limit : ag > 1. This assumption is used to normalize the velocity
of all the electrons to. Consequently, all electrons are relativistic, even thvasieh
are not trapped (and which form the accelerating structUne¢ authors try to detalil
the consequences and the conditions of validity of such sumagtion (Pukhov and
Gordienko, 2006).

2. Very under-dense plasm&:< 1.

3. The waist of the focal spotgns adapted to the cavitykpwg ~ /ag. This criterion
corresponds to optimal conditions for the bubble regimepating to the authors.

4. The longitudinal length of the laser is smaller than #msverse dimensiongtg <
Wop.

5. The laser pulse duration is much longer than an opticdecyapto > 1. This is
required to define the envelope of the laser.
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Figure 1.10: (Color) Principle of similarity. Simulations are shown farconstant pa-
rameterS= 10~3. Curves with the same color correspond to similar times
during the simulation. After a scaling of the axis, curvdsa@dk similar.
These PIC simulations don’t use the ultra-relativisticuaggtion from the
theory. Parameters : §y = 10, ne = 0.01n, ii) ag = 20, ne = 0.02n, iii)
ag = 30,ne = 0.03nc, iv) ag = 40, ne = 0.04n

One notices that these constraints imply relations betwb#erent parameters of the
interaction. Usually, it's not possible to modify only onarameters while keeping the
other constants.

Scaling laws Inthese conditions, this theory predicts the propertigb®fjuasi-monoenergetic
electron beam obtained :

e The maximum energy of the quasi-monoenergetic ko

P ctg
I:)rel )\O

whereP is the power of the pulseRe = 4mEgmic®/e? ~ 8.5 GW is the unit of
relativistic power

Emono~ 0.65mec” (1.44)

e The number of electron in the quasi-monoenergetic peak is

18 | P
N ~ = 1.45
mono™ o\ B (1.45)

wherer = € /(4mEomc) is the classical radius of an electron.

e The acceleration length,cc
Lacc ~ 0.7Zr~— (1.46)

whereZr = nw(z)/)\o is the Rayleigh length.
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e The conversion efficiency of laser energy to electron kimetiergy in the quasi-
monoenergetic peak is
n ~ 20% (1.47)

The figures which appear in each formula have been obtaioned 3D PIC simulations.

Numerical application

In order to reproduce the conditions presented in sectibri lone chooses = 10
(assumption. 1)cto = 3.3 um (assumption. 5)ne = 10'° cm~2 (assumption. 2).
Consequently, constraints give the waist of the beam (gsom 3) wy = /agkp =

5.3 um which is higher thamt (assumption 4). Using equations 1.13 and 1.14, one
obtains the laser pow& = 75 TW. The energy contained in this pulsédlis= Pty ~
0.8J.

Consequently, predictions give an enefyono= 126 MeV, a charge of 1.3 nC for
an acceleration length &f,cc = 0.3 mm.

With an equivalent energy, we have obtained experimengatiyiasi-monoenergetic
spectrum with an equivalent energy and charge. Howevemdhbeleration length was 3
mm and the waist of the focal spot wagd8 This theory implies some constraints which
don't allow to explore all sets of parameters.

Existence According to the authors, the optimal conditions for thisdhy of similarity
corresponds to the bubble regime for which assumptions hd34agive conditions on
the electrons density which has to be in the range: ne < nz (Pukhov and Gordienko,

2006).
Pre| P 1
~ N8 ~ S — 14
N~ Ne5=, N2~ Moy Pra (@o1)? (1.48)
This in turns requires the laser power to be above a givesiiold
P > Prei(0oT)? (1.49)

The cross-hatched area gives the domain of validity on Fibl.1The point repre-
sents the experimental conditions at LOA, which is not iis #imea. Consequently, these
formulas can’t be used to estimate the results from our éxssts.

Blow-out theory

This second theory relies on the calculation of the propsibif the electron beam directly
from the estimation of usual physical quantities (radiushaf cavity, group velocity of

the laser, dephasing length, ...) (Lu et al., 2006b). Befving the scaling laws for the

electron beam, here is the list of the assumptions.

Assumptions

1. Quasistatic assumption : the laser envelope evolvedyshiwing the interaction
time with an electron. According to the authors, this is ohthe main restriction to
their theory towards ultra-relativistic intensities. Thenderomotive force applied
to the electrons has to give a longitudinal velocity lowearttthe group velocity
of the laserag < 21/n¢/ne. This implies that the electron density decreasegpas
increases.
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Figure 1.11: Electron density range corresponding to assumptions &tttbory of sim-
ilarity (Eg. 1.48) as function of laser pow&. The point represents the
experimental conditions at LOA. This graph corresponds=£030 fs.

2. Relativistic regime ag > 4.
3. Very under-dense plasmas < 3.

4. The waist of the focal spotgns adapted to the cavitykpR ~ kpwo = 2,/ag. The
factor 2 is obtained from numerical simulations and coroegjs to the minimiza-
tion of the oscillations of the laser envelope during thepaigation.

5. The depletion length is larger than the dephasing lenditiciwis equal to the in-
teraction length :Lq, > Lége%)h The consequence is a minimum pulse duration

ct > 2R/3.

Results The authors state that the velocity of erosion of the lasesetl on 1D models
(Ting et al., 1990; Bulanov et al., 1992; Decker et al., 1996éproduce quite well the
observations in 3D PIC simulations. The depletion lengthésn written

Lap ~ %Cl' (1.50)

%

Because of this depletion, the group velocity of the lasesnmller than the linear
group velocity. Electrons injected at the back of the caxetych its center after a dephas-
ing length :

(D) 2
whereR s the radius of the cavity
The properties of the electron beam are the following :
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The energy gain at the dephasing length is

1/3 2/3
Emono~ M@ <i) (nc) (1.52)

Ne

whereP is the laser power anBle = 4TEgm2c®/€? ~ 8.5 GW is the unit of rela-
tivistic power.

e The maximum number of particles at this energy is obtainedduating the fields

in the cavity :
8/15 | P
N ~ — 1.53
kore V Prel ( )

wherer, = €2/ (4TEgmc) is the classical radius of an electron.

e The acceleration length is chosen to be equal to the deghssugth in order to
have the narrowest spectral width

46% /20
36 Ky (1.54)

I-acc ~

e for a pulse duratiot = wp, the energy yield from laser energy to electron kinetic

energy evolves as
1

n ~ (1.55)
These formulas differ from the ones described in the sintyidheory. The authors
explain that the acceleration length is different. In thieseulas, the acceleration length
Laccis linked to the dephasing of the electrons in the structuréhe similarity theory, the
acceleration length is limited by the breaking of the plasmaae, in order to guarantee
a quasi-monoenergetic peak. This also limits the maximuenggnof the electrons and
these formulas follow different scaling laws.

Numerical application

For a laser pulse withy = 10, ¢ty = 3.3 um in an electron densitgie = 10'° cm™3,
the assumptions are all verified, and in particular the ci@$c assumption (assump-
tion. 1) and the depletion length is equal to the dephasingtie(assumption. 5).
Consequently, predictions give an enefyono= 324 MeV, a charge of 0.4 nC for
an acceleration length,cc = 1.2 mm.

1.5.2 Injection and linear acceleration

Current acceleration techniques rely on highly non-lineechanisms. Consequently,
fluctuations on the parameters of interaction can have aatraimpact on the stability of
the electron beam. Linear methods for laser plasma actieleralow a better control of
the electron beam properties at the output. Theoreticdiesitand simulations have been
carried out in linear structure to reach 1 GeV (Andreev andghitsov, 2000; Gorbunov
et al., 2005; Lifschitz et al., 2006). This accelerator lieegitwo stages : the injection of
a short electron bunch, produced by current laser-basezleaation techniques, and an
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acceleration stage in a linear plasma structure createddeyaavatt laser. Powerful laser
pulses are focused in a large focal spgtwl00um, which allows to neglect self-focusing
effects (even if the rati®/P. doesn’t evolve).

Under these conditions, it it possible to control the finadrgy and the spectral width
of the electron bunch. Analytic formulas can be obtainedenrshme assumptions : the
acceleration length is considered to be very small compiréide dephasing length and
the properties of the laser don’t evolve, which allows tolaegthe phase evolution in
the plasma wave (constant electric field). Moreover, Collloepulsions in the electron
bunch and the influence of accelerated electrons on the plasve are neglected. Under
these assumptions, the final properties in engxgyoand in dispersioBE for an electron
beam injected at enerdy, with a dispersiordE; after an accelerating distance between
z= —Z, andz= Z, are (Lifschitz et al., 2005) :

1
Emono= Ei + 50(KoWo)Yp (1.56)

2 L . I
with & = 0.79\/_T[a(2)z0 exp—L3/4 andLo = wpTo/v/4In2, wherel,, is the initial bunch
length andrg the laser pulse duration.

Numerical application

One considers a petawatt-class laBer 1 PW, a pulse with a waist yv= 10Qum
and a duratiorryg = 30fs which propagates in an electron dengity= 10'" cm 3
and an electron bunch of length = 5um. Under these conditions, the normalized
vector potential i®g = 1.76, which satisfies approximately the numerical conditions
to neglect self-focusing for a large laser waist (Gorbunioal e 2005).

The final energy is then 91050 MeV for an electron beam initially at 12025 MeV
(this corresponds to the quasi-monoenergetic electromlmsained experimentally
and described in the next chapter).

Thanks to a large waist, the maximum acceleration lengthresponds to twice the
Rayleigh length Z; = 8 cm. Similar results on the electron beam can be obtained whe
using a channel for a lower laser energy, corresponding ®TM-class laser systems
(Malka et al., 2005a). Using a channel to guide the lasereputss possible to have
higher energy gains and to control precisely the final enbygthe interaction length (see
Fig. 1.12).

Simulations have also been performed to illustrate therobof the spectral width.
With an energy of 10 J in a an electron density of 80* cm~2 on-axis, a spectral width
of 2 % at 1.2 GeV has been obtained in the simulation (Malkd. e@05c) (see figure
1.13).

1.5.3 Alternative techniques

It has also been suggested to inject low energy electrowirt of the laser pulse (Khacha-
tryan et al., 2004). Hydrodynamic simulations show thatl#fser pulse overruns the in-
jected electrons, which are trapped in the first arch of tleelacating structure created
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Electron spectrum using a guided laser pulse in the secauk $or an
acceleration length of 19 cm. Parameters of injected eestr bunch du-
ration 30 fs, energy 178 20 MeV, divergence 10 mrad and charge 0.5 nC.
Parameters for the channel : on-axis electron demsity 3.0 x 106 cm™3,
radiusrg = 70um, parabolic profile with a densityng atro. Parameters for
the laser : energy 10 J, power 160 TW, normalized amplityde 1.
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behind the laser. However, as in the previous case, the elatye accelerated bunch is
limited to guarantee the validity of the assumptions. Bueh€oulomb repulsions, which
are neglected for such low energy electrons, might havestagzhic consequences on the
quality of the electron beam. Then, the transverse elef&id of the laser might also
significantly degrade the emittance of the electron buncanahis being overrun.

There exist other methods emphasizing the control of thectign when using two
counter propagating laser pulses. A first beam, the chaistits of which can't trigger
the wave breaking, drives a plasma wave. The injection isrolbed by a second counter-
propagating pulse with lower intensity. The beating of the pulses triggers the injection
of a small amount of electrons in the accelerating strucfbsarey et al., 1997; Sheng
et al., 2004; Fubiani et al., 2004).

The guiding of the laser pulse over longer distances alldes @ reach higher ener-
gies (Tsung et al., 2004). Using capillary discharges, ¢laentfrom LBNL has obtained
electrons with energy higher than 1 GeV, but detailled rissarle not known yet.

The development of the acceleration towards higher engigiene of the possibilities
of this source. It is also planned to inject an electron beam fa laser-plasma accelera-
tor in these structures. Actually, accelerating cavitiethie plasma waves are very short
(approximately 1Qum at an electron density of 3 cm~3) and photocathodes used on
conventional accelerators are not adapted. The quasi-emengetic electron beam pre-
sented in the next chapter is a good candidate for the injectit is short an consequently
can be injected so that all electrons can see a similar eléetid. Synchronization of the
injection with the following accelerating stages is ideatuse everything can be driven
by the same initial laser pulse splitted in several arms. él@n the stability has to be
improved before this source can be used as an injector. Tsmses of the control and the
stability of the properties of the electron beam are theeareot current development of
the laser-plasma electron accelerator. This requiredestaker systems and less extreme
operating conditions compared to the specifications ofdakerlfacility.



Chapter 2

Quasi monoenergetic spectrum and
optimization

This section presents experimental results based on theatbeazation of the interaction.
For a better clarity, the experimental setup is presentst followed by examples of the
guasi-monoenergetic electron beam obtained and finallyphtienization performed to
obtain these results.

2.1 Description of the experiment

This section describes the laser system used during theimqrgs and the experimen-
tal setup used for the characterization of the electron be@omplementary and more
detailled explanations on the electron spectrometer aengn Appendix B and C.

2.1.1 Characteristics of the laser in “salle jaune” at LOA

The laser in “salle jaune” (Pittman et al., 2002) at Labdratd’Optique Appliquée oper-
ated in chirped pulse amplification mode (Strickland and Mau1985) with a Ti:Sapphire
crystal in the infrared. It delivers 30 TW laser pulses in 8@f a repetition rate of 10 Hz.

The laser system contains a self-modelocked Ti:Sa oswillahich delivers a train of
pulses of 300 mW and 18 fs at a repetition rate of 88 MHz. Thessep are stretched in
an aberration-free stretcher and injected in a Dazzlerystosoptical filter). This device
allows an active control of the spectrum and spectral phasisegpulse. A Pockels cell
is then used to select pulses at a repetition rate of 10 Hz.opkaing gate gives control
of the ASE (amplified spontaneous emission) level, whichasfihe pulse contrast. The
1nJ pulses selected are then amplified in three multi-pag®est after which the energy
reaches sequentially 2 mJ, 200 mJ and 2.5 J. Between amijphificiages, spatial filters
enhance the fundamental spatial mode which limits hot spdke beam profile to values
below the damage threshold in crystals. The crystal in tivd 8tage is also cryo-cooled,
which reduces thermal effects. After entering a secondacuum level, pulses are re-
compressed on a pair of gratings (double pass) and send toténaction chamber. The
compressor efficiency is 55 %, which gives pulses of 30 fs (RYkontaining an energy
of about 1.3 J on target. The pulse contrast on the nanosecahelis better than £0

41
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In experiments described hereafter, the focused pulséesax peak intensity df=
3 x 10" W/cn? which corresponds to an ASE level below the direct ionizatlweshold
(of the order of 1&* W/cn?). Thus, the laser propagates in a initially homogeneous
medium, which is important for the propagation of the laser.

2.1.2 Experimental setup

Laser Nozzle Magnets Lanex ICT

Figure 2.1: (Color) Experimental setup. The laser is focused onto thge axf the gas
jet. Trajectories of accelerated electrons are bent by thgneatic field of a
permanent magnet and crosses a scintillator screen. Thieddight is then
imaged onto a CCD camera. The integrating current transo(hCT) has
also been used to estimate the charge.

The experimental setup is shown on figure 2.1. The laser isskxt with a parabolic
mirror with focal length of 1 m onto the steep gradient at ttuaf of a supersonic helium
gas jet with diameter 3 mm. This light gas is fully ionized I tpedestal of the laser
pulse. The atomic density profile of the gas jet, measureatgyferometry, corresponds
to a uniform density at the center and steep gradients (S&masd Malka, 2001). These
interaction conditions are used as a reference in the faligw

The electron density is controlled by the pressure from the fgpttle, which allows
to scan densities in the range € [10'7;10'% cm™3, i.e. plasma wavelengthr/wpe
between 11 and 11@m. These valueshave to be compared to focused laser dimensio
the laser waist at the interaction point is diffraction lied wp = 18 um and its duration
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corresponds to a lengttt of 9 um. The physics involved is therefore the forced laser
wakefield or the bubble regime (Sec. 1.4.2).

Behind the interaction point, we place an electron speattem During my first ex-
periments, we used an imaging spectrometer composed oéetna@hagnet and 4 silicon
diodes (Fig. 2.2). This detector was heavy and cumbersdrus,difficult to align along
the laser axis. This combination of an imaging spectrometediodes gave a high reso-
lution and a good sensitivity to electrons. The energy tepted by each diode could be
varied by modifying the intensity flowing in the electromagnHowever, each shot gave
only 4 points, which required the accumulation of many shats different magnetic
fields to reproduce the full spectrum. This measurement Waptad to electron spectra
with reproducible properties.

Figure 2.2: (Color) imaging spectrometer composed of an adjustablenetagfield and
4 silicon diodes.

Recently, we have observed a significant improvement of ihyegsties of the electron
beam. By decreasing the pressure, an electron beam with ail@kgence could be
obtained (10 mrad). At such pressures, the signal on theedifidctuated by several
orders of magnitude at high energy. We were thinking that wesed interesting features
with only 4 diodes. A new single shot electron spectromegerlieen developed and set-
up on the experiments. This is a light and compact systemRKge2.1) which gives the
whole spectral information for every shot.

This spectrometer is composed of a permanent magnetic Bigles 0.45 T at the
center, which bends the electron trajectory accordingeo imergy, and a scintillator, the
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relaxation transition of which is excited by the electromflavhich is imaged onto a CCD
camera with a high bits depth (16 bits). We also use an itz filter just in front of the
objective to select the central wavelength in the emisgi@ecsum of the phosphor screen.
The spectrum amplitude is calibrated either with an integgecurrent transformer (ICT),
placed behind the scintillator, or using an absolute catibn presented in Appendix C
(Glinec et al., 2006a). In optimal conditions, the divergeenf the electron beam is very
low (see next section) and no collimator is used with thisspeneter.

We also usually use a shadowgraphy diagnostic (side viedvpdrhomson scattering
diagnostic (top view) to look at the interaction and placecgmsely the laser axis at 1 mm
above the center of the nozzle.

2.2 Quasi monoenergetic spectra

2.2.1 Improvement of the quality of the electron beam

First, we have measured the electron beam profile as funafitrme parameters of inter-
action. The magnets were removed and the scintillatingescreas placed perpendicular
to the laser axis. Fig. 2.3 shows the evolution of the spgtiality of the electron beam
with the electron density. The diameter of the circle cqymexsls to a divergence of 14
At high electron density, the signal is nearly homogenedssthe density is decreased,
structures appear in the beam. The signal fluctuates frottssbot. In these conditions,
the plasma wavelengtiA § = 11 pm for 10'° cm=3) is similar to the laser pulse length
(cto = 10 um full width at half maximum (FWHM), but reaches 1Bn at 1/€? of the
laser envelope intensity). The regime involved is the SMLldfAhe FLWA, for which
the acceleration takes place due to the breaking of the exetiglg structure, leading to
random structures. Moreover, the simultaneous interactith the electric field of the
laser worthens the electron beam quality.

Figure 2.3: (Color) Transverse profile of the electron beam as functibthe electron
density : a)ne = 50x 108 cm~3; b) 30x 10'® cm~3; ¢) 20x 108 cm3; d)
10x 108 cm3; e) 75 x 10 cm3; f) 6.0 x 108 cm 3.

When the electron density reachgs= 10'° cm~3, there remains only one fine struc-
ture, testifying a transition. This is due to a reduced et&on with the laser field and
probably to a more robust accelerating structure. The desere of this real electron
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beam is estimated to 6 mrad (FWHM) for Fig. 2.3f. For even loglectron densities (be-
low 6.0 x 10'® cm~3), the electron beam observed is still very collimated betstgnal
intensity drops quickly.

The quality of the interaction seems to be excellent at I@etebn density in terms of
divergence and stability. The single shot electron speatter was then installed to check
also the quality of the electron spectrum.

2.2.2 Experimental spectra

This single shot electron spectrometer allows to see theamnental difference between
the two spectra shown in Fig. 2.4. The laser axis is shown iasheld line. The electrons
trajectory is bent to the right by the magnetic field and timipact distance to the laser
axis depends on their energy. The more energetic, the cl&®ne reference energies
have been represented along the horizontal axis (20, 50ad@@00 MeV). The vertical
axis corresponds to the natural divergence of the electeamb No collimator is used
and the resolution is limited by the divergence of the beam.pdrticular, the signal
on Fig. 2.4a is too divergent to give any information on thecebn energy. However,
the signal seems to spread over a large energy range, cotdraine signal presented
on Fig. 2.4b. Here, a narrow electron signal is recorded gh l@nergy. This quasi-
monoenergetic electron beam is a real improvement of thetgoéthis electron source.

Divergence [°]

Laser 200 100 50 20
Energy [MeV]

Figure 2.4: (Color) Example of spectra obtained for an electronic dgnsa) 15 x 10
cm 3, b) 6.0 x 108 cm3. Images have been normalized independently.

This spectrum, obtained at an electron densify>610'8 cm™3, is represented on a
linear scale after taking into account the energy disparalong the screen and the stop-
ping power in the scintillating screen in Fig. 2.5. The electpeak appears at 14020
MeV and contains a large charge (estimated.®400.2 nC in the peak). The spectral
width is comparable to the spectrometer resolution at théesgy (represented by the hor-
izontal line). The second curve comes from a Particle In G8IC ) simulation which is
presented in the following.

Null tests have been performed to check the origin of theadigrwithout magnet,
the signal is centered on the laser axis, which means theseharged particles. When
inserting a 2 mm-thick lead plate just in front of the sciatihg screen, one obtains a
scattered signal, corresponding to electrons with enebgpyva 3 MeV scattered during
propagation.
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Figure 2.5: (Color) Superposition of the experimental spectrum (blesses), obtained
from Fig. 2.4b, and the corresponding PIC simulation (grixes) after 2
mm of propagation. The dashed curve is the detection linfie Aorizontal
lines give the resolution of the spectrometer.

Quasi-monoenergetic spectra were obtained also by otbepgrand these major re-
sults were published in the same issue of Weure paper (Mangles et al., 2004; Ged-
des et al., 2004; Faure et al., 2004). Since then, many o#fberatories working in
the field of particle acceleration using laser-plasma adgon have also obtained quasi-
monoenergetic structures (Miura et al., 2005; Hidding et2006; Hsieh et al., 2006;
Hosokaiet al, 2006; Hafz et al., 2006; Mangles al., 2006).

These properties are fundamental in order to develop agtpits of laser-based elec-
tron acceleration. Actually, it's impossible to transpartd focus properly an electron
beam with a wide spectrum, due to chromaticism of magnetic®pA reduction of the
spectral width (using a monochromator) also lead to a dseretthe flux. Here ,the elec-
tron beam naturally contains a high charge in a restrictedtsal range and its divergence
is low. Moreover, due to the acceleration process involtleelglectron bunch duration at
the output of the plasma is expected to be short (shortertttaplasma wavelength) and
should remain short upon propagation (stretching of 50 @ to velocity dispersion
for this electron beam).

The expression “quasi monoenergetic” is used in this docuwnwedistinguish these
spectral properties from laser-plasma interaction froecebn beams obtained on con-
ventional accelerators where “monoenergetic” refers telative spectral widt®E /E of
the order of 1 percent or below. Here, the spectral widthmstéd by the resolution of the
spectrometer and equak /E ~ 20 %.

2.2.3 Comparison to 3D PIC simulations

For a better understanding of the physics involved in thpeexnent, 3D PIC simulations
have been carried out at Virtual Laser Plasma Laboratorkl{fw, 1999) for the same
interaction conditions. The electron spectrum obtainedesged to the experimental one
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in Fig. 2.5. One can see a quasi monoenergetic spectrum at 23%eV containing a
similar charge. The electron beam divergence agrees athdive experiments (10 mrad).
However, the two spectra are not obtained in exactly the samditions : the curve from
the simulation corresponds to a propagation distance owan2n the plasma.
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Figure 2.6: (Color) Snapshot of the 3D PIC simulation. (a) laser intgnprofile and
(b) electron density in the plane perpendicular to the jmdéion of the laser
and containing the laser axis. The laser beam propagates|éi to right
and has propagated over 2 mm in the plasma at this time. (cePpmce of
the accelerated electrons.

Fig. 2.6 shows the laser intensity profile, the electron dgmsofile in the plane per-
pendicular to the polarization of the laser and containimg propagation axis, and the
phase space of the accelerated electrons. One clearly sé@si@acavity created by the
laser pulse into the electron density profile. The accatargirocess can be summarized
as follows : the ponderomotive force of the laser (ie theatdn pressure) expels the
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electrons from large intensity gradients. This leads tolacteon density bump at front of
the pulse and an ionic cavity behind the pulse. Some of thetreles which flow around
the cavity and intersect themselves at its back are trappéoki accelerating structure,
which forms the cylinder of electrons on the laser axis. Thage space in Fig. 2.6¢
shows the electron energy as function of its position altregaser axis. The most ener-
getic electrons have dephased with respect to the plasmaaval/they have reached the
center of the cavity. The laser field is located at the fronthencavity, which reduces the
interaction of the electrons with the defocusing laser field

One also notes that the laser intensity at this time in thelsition is 10 times higher
than the intensity in vacuum. This is due to self-focusingalvtiakes place during the
first part of the simulation, during which the transversegitzthe laser becomes resonant
with the plasma wavelength, = 14 ym. In the meantime, the laser pulse duration is
shortened by the plasma wave. The laser pulse looks likelabhght which excites
a high amplitude plasma wave, thus creating a cavity in itkewal he cavity elongates
as electrons are injected in this cavity, and the injectimps when the charge in the
cavity compensates the ionic charge. Despite injectioaabus times, the rotation of the
electrons in phase space leads to a shortening of the sgeaidwidth after a dephasing
length, which leads to a quasi-monoenergetic electron beam

2.2.4 Absolute calibration of the scintillating screen anddiscussion
about the charge

The measurement of charge using an ICT raises several iasdesn independent cali-
bration technique is required. | worked on the absolutébcatiion of the detection system
to provide the direct relation between the number of eletrand the number of counts
(Glinec et al., 2006a). This technique also provides witlo@al information for each
pixel, contrary to the ICT which gives a global estimationcbfirge over an area diffi-
cult to estimate. In principle all electron should be flowinghe core of the ICT. In our
experiment, some electrons travel inside the coil or in tieiity of the ICT and their
influence is not known. | have considered two extreme caskesraninner and outer di-
ameter (respectively 55 mm and 100 mm) are used to deteriénsptectral amplitude.
Consequently, the intercepted spectral distributionesponds to electrons with energy
above 115 MeV and 55 MeV respectively. Because, the noratadiz corresponds to
different sizes of the electron distribution, the unceryion the effective diameter of the
device leads to a large errorbar in the amplitude.

Fig. 2.7 shows the evolution of the charge for the same sefiehot either using
the ICT or the absolute calibration. One notices that the ¢wwves don’t match and
that the ICT always overestimates the value from the absaalibration. The absolute
calibration gives a charge of about 63 pC for Fig. 2.4.

Moreover, at low electron density the variation of the sigaabout 2 decades for the
absolute calibration and only one decade for the ICT, réwgadrobably a better sensi-
tivity of the absolute calibration. This electronic devisgrobably sensitive to the huge
electro-magnetic field from the laser at the interactiompaind therefore was placed as
far as possible from the interaction point 60 cm). In order to block low energy elec-
trons, lead shielding was placed around the magnet, bedawsenergy electrons may
be integrated by the ICT even if we don’t see them in the dtamdr. Without gas (only
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laser), the signal from the ICT dropped to the noise levelfodanately despite this care-
full attention to the ICT, it seems that it still gives a bidsstimation of the charge. This
conclusion on the inadequacy of the ICT for our experimerdy tve relevant for many
other labs using the same detection system.
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Figure 2.7: Evolution of the charge as function of the electron densging either the
ICT (circles) or the number of counts on the CCD (filled diami®n Both di-
agnostics shows that the charge is maximum for the optineatrein density
where the electron beam quality is the best.

This absolute calibration seems to be the most accurateneusioould keep in mind
the assumptions implied. Electrons beams from laser-@astaraction are much shorter
than those from conventional structures. This calibratissumes that the calibration of
the scintillator screen (Lanex Kodak Fine) performed on iaveational radiofrequency
accelerator (at ELYSE) in the range 3-9 MeV can be extendedtexperimental condi-
tions. However, for such dense energy deposition, higlematlevels might be excited
and relaxation trajectories might differ from the usuahdiation conditions, which would
affect the light yield. Finally, we have never observed amgat evidence of saturation of
the scintillator.

Fig. 2.8 shows other examples of quasi-monoenergeticigpiectvarious experimen-
tal configurations. The amplitude is determined using tteohlie calibration. Spectrum
labelled a) contains a charge of about 9 pC (¥2B < 160 MeV) and 250 pCHE > 55
MeV) for image b). This second image shows that this calibnastill gives quasi mo-
noenergetic spectra containing a few hundreds of picocodoas previously published
(Faure et al., 2004). Even if the raw signal shown in insetes/\narrow, the peak is
significantly broadened during the deconvolution due tcch t& resolution towards high
electron energy. Using a more dispersive magnet will imprthe resolution at high en-
ergy. However, image a) gives a spectral width of 6% (FWHM)e@lso notices the low
amount of low energy electrons for this shot.
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Figure 2.8: Spectra obtained after deconvolution of the images shovimsit. The am-
plitude is determined using the absolute calibration..
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2.3 “quasi monoenergetic” regime in a narrow range of
parameters

Obtaining such a quasi-monoenergetic spectra was not gntasis and the parameter
range where it was observed is very narrow with our presesgrlaystem (Glinec et al.,

2005). Here, | list the influence of each parameter of therawteon on the measured
spectra. The following figures require a choice to be madergntbe large number of

images available. For objectivity, all images in a seried eorresponding to the same
parameters were observed. Usually we take 3 pictures fdn pasition. The image

which represents the most the two others was kept. Such aesometimes difficult,

especially when fluctuations are large from shot to shotveh®ever intended to choose
images to show a particular trend. The trends appeared wdsambling the images.

Then, the intensity of the images were normalized sepgra@®CD camera used are
very sensitive (65536 levels) and graphical represemtasaisually limited to 256 lev-
els. Consequently, without separate normalization, macyies would be uniform or
saturated, which would reduce the interest of the analysis.

When no precision is given, experimental parameters remashanged (energy, pulse
duration, focal length, electron density, interactiongttt). But series shown are not
obtained during the same experiment. Due to a high sengifithe electron beam
quality on the experimental setup, it's not impossible teeha slight mismatch between
different series. However, all images for a figure belondg®dame series.

2.3.1 Influence of the electron density

As observed on the spatial quality of the electron beam, lgetren density is an impor-

tant parameter of the interaction. Fig. 2.9 shows the eimiudf spectra with gas density.
The image analyzed previously is located in second posi#ahower density, the spec-

trum remains quasi-monoenergetic but the charge contamtgte peak has dropped by
a factor 10. This rapid drop of the charge is also represeniellig2.7 where the signal
from the ICT and the scintillator are plotted.

At higher electron densitgie = 7.5— 10x 108 cm~3, one observes a transition where
quasi-monoenergetic components merge with a maxwellianftlow energy electrons.
This transition happens when the plasma wavelength (4@x)Z2eaches the pulse length
(9 um). This density range can be considered in our experimarttseetransition between
the bubble regime and force or self-modulated laser wakkfsde Sec 1.4). The images
on the right correspond to even higher electron density heg show only a maxwellian
tail. This is a typical signature of the electron beam pradlahen the accelerating struc-
ture breaks. Electrons are accelerated at random enengietha divergence increases.
The comparison of this figure with Fig. 2.3 shows that strregwdon’t appear exactly in
the same range of densities. These two figures originate diffierent experiments and
the experimental conditions vary slightly between experits.

One notes that the electron density where the spectraliti@ngappears (i.e.ne =
6.0 x 10'® cm~3) corresponds also to the maximum charge on Fig. 2.7. In dg®n,
fluctuations are large, because of the sensitivity of noadr effects to initial parameters.
Shot to shot fluctuations of the laser properties (energsgtchn ) are estimated to 10%,
much less than variations observed experimentally.
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Figure 2.9: Electron spectra as function of the electron density. Titiamsfrom a quasi-
monoenergetic peak to a maxwellian distribution as thetleaensity in-
creases. Images are normalized independently.

Equivalent 3D PIC simulations were preformed for differeteéctron densities and
they reproduce the experimental trend (Malka et al., 200%5bg results are summarized
on Fig. 2.10. A 30-fs long laser pulse containing 1 J is foduisea focal spot of di-
ameter 2lum (at half-maximum). Simulations were performed for a piggadson over
2.5 mm for 3 different electron densities : 3, 6 andx120*® cm3. The spectrum at
6 x 108 cm~2 corresponds to the one on fig Fig. 2.5 on a logarithmic scatiéower den-
sity (3x 10 cm™3), simulations shows that a quasi-monoenergetic beam fatrosver
energy because the accelerating field of the plasma wave akene After 2.5 mm of
propagation, they reach 100 MeV, non-optimal energy, Behiby the interaction length.
On the opposite hand, in the simulation at high electron itieif$2 x 108 cm3), a
guasi-monoenergetic beam is formed early during the pragag after 1 mm. Due to
a shorter plasma wavelength, the dephasing length is rdagdndier. Then, the spectral
peak broadens towards a quasi-thermal maxwellian distobuAt the end of the simu-
lation, the spectrum doesn’t show the transient structnyen@re.

2.3.2 Influence of the pulse duration

The distance between the gratings of the compressor isdvafiis modifies both the
laser pulse duration and its intensity. The energy remainstant. Fig. 2.11 shows that
the signal quickly degrades and vanishes as we move awaydptimal conditions. At
40 fs, the electron beam is more divergent and contains alepeaks. It's probable that
the accelerated electrons also interact with the lasertwtegrades the quality of the
beam.

The reason why the signal vanishes is not obvious. It mightecfrom a decrease
in intensity or a longer pulse duration. The first option dases the influence of non-
linear phenomena such as self-focusing, which might hetleg generation of a strong
amplitude plasma wave and might suppress the injection. plitee duration has to be
compared to the plasma period for this electron densityclwbguals 45 fs ang = 6.0 x
10'8 cm~3). Consequently, the laser pulse duration remains sinolénis period and the
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Figure 2.10: (Color) Comparison of electron spectra from experiments simulations
for several electron densities. The dashed line represiemtietection limit.
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Figure 2.11: Electron spectra as function of the distance between thimgsa This mod-
ifies the pulse duration and its intensity. Images have beemalized in-
dependently.
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main reason for this rapid evolution of the electron spentmight be the decrease of the
laser intensity : it reduces non-linear effects such asfselising, which may prevent the
generation of a high amplitude plasma wave and may evenesgire injection. In order

to confirm this point, the laser energy has been varied, vWakping the pulse duration

constant.

2.3.3 Influence of laser energy

The laser energy is varied by shifting the delay between tmeppulse and the infrared
pulse or simply by switching off pump lasers. This doesn’tdifpthe laser focal spot
because the 3rd stage is cryogenically cooled and the thé&nsremains constant. The
pulse duration is now set to its optimal value again. Resu#éshown as function of laser
energy and electron density on Fig. 2.12. The laser enewgngin this figure corresponds
to the value obtained after the 3rd amplification stage afore¢he compressor.
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Figure 2.12: Electron spectra as function of laser energy and electraisitfe Images
are normalized separately.

First important remark on this particular series : during texperiment, the fluctua-
tions were larger than usually and sometimes the signalkogliéctron beam extends even
on the opposite side of the laser axis! This axis is deterthinethe average position of
the electron beam when there is no magnetic field. Duringekperiment, experimental
conditions were less optimal than in previous experiments shot to shot fluctuations
were higher than usual. But the global trend explained Hienestill holds.

First, this picture confirms previous results : for a giveaotton densityrfe = 6.0 x
108 cm~3), on the first line, the signal vanishes fast as the laseggriedecreased. This
testifies the importance of the non-linear effects in thisraction. Then, when decreasing
the laser energy, electrons can be obtained again if theé@tedensity is increased. This
seizing result is due to the importance of the self-focusifgct in order to enhance laser
intensity. The ratio of the laser power to the critical povi@rself-focusingP/P; varies
asnelo (see eq. 1.39) : when laser intensity decreases, the imcodéise electron density
allows to compensate and keep the self-focusing effect. édew even if electrons are
observed again, their energy is weaker (for a constantreledensity).
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In the other direction (constant laser energy), the deeremaximal electron energy
as the electron density increases can be attributed to tisiva of the dephasing length.
As explained in chapter 1, the dephasing length corresporttie estimation of the length
over which electrons are both accelerated and focused. Heobitdimensional linear
theory, this length is

ngg,hN VeAp/2 (2.1)

Numerical application

Hypothesis for this formula are not fulfilled (perturbed dimensional case), but
these linear expressions are useful experimentally teedbal experiment. Here is
an estimation of the dephasing length. In our experimemiadiitions, the dephasing
length is aboutge[,))hw 1.9 mm for an electron density of 6108 cm~2, which is
comparable to the diameter of the gas jet and the RaleighHesfghe laser. This
length drops to 0.5 mm for densities of ¥510'® cm~3. This agrees with the van-
ishing of transient quasi-monoenergetic structures oesEin numerical simulations
presented in Sec. 2.3.1 after a short propagation distance.

2.3.4 Influence of the aperture of the focusing optics

According to studies carried out before | started my PhDeérsed that parabolic mirrors
of long focal length gave better results (in terms of spajiadlity and energy of the elec-
tron beam). With this new spectrometer, it is interestingheck these previous studies.
We have therefore used parabolic mirrors of different fdeagthsf = 100 cm, 50 cm
and 30 cm. Corresponding characteristics are shown in Taklen particular, the waist
has to be compared to the plasma wavelengthu(a

Focal length [cm]| 100 50 30
Wo [pm] 18 9 6
ao 1.3 26 4.4
Z; [mm] 1.2 03 0.14

Table 2.1: Waist wy, normalized vector potentiah and Rayleigh lengtl, associated to
these focusing optics.

Figure 2.13 shows the electron spectra obtained for diftguarabolic mirrors and for
similar electron densities. For each case, the signal has bptimized in focus and in
electron density. Images shown on this figure were not obtathe same day because
changing a parabolic mirror requires time to realign androjzie the signal. Conse-
quently, the energy axis on the spectra differs for eachiqudiamirror because of slight
modifications to the setup (position of the spectrometer).

One notices that the maximum electron energy is lower for3®wem focal length.
Focal lengths of 50 and 100 cm give spectra with similar prige Clearly, the accelera-
tion is less efficient when focusing hard and the divergetsmiacreases. Precise reasons
for this behaviour are currently being investigated. Vas@ossibilities are being studied.
First, there should have no preplasma, even when focusinl bacause no signature of a
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Figure 2.13: Evolution of the electron spectra an function of the focgsiptics. Ticks
on the energy scale are different for each image. The eledemsity is
5.0 x 108 cm3 for the 30 cm parabolic mirror and®x 108 cm3 for the
two others. images are normalized independently and werettained the
same day.

preplasma has even been observed on the shadowgraphy stiageeen for the 30 cm fo-
cal length. Consequently, all shots were done in similasted@ density profile. Another
possibility is the interaction length. In the linear caskaser pulse shorter than the plasma
wavelength can’t remain self-focused because of an eleciverdensity at the front of
the plasma wave (Sprangle et al., 1990). studies are bemgaaut to determine if the
acceleration could be restricted to a shorter distanceh®30 cm parabolic mirror, for
which the acceleration would take place only in the gradaérihe gas jet. Non-optimal
interaction conditions for this parabola might be the arigf such difference in spectra.

Figure 2.14 shows the evolution of the spatial profile for t@®and 30 cm parabola
as the electron density is varied. The second line reprameages from figure 2.3. The
electron beam is structured for the two parabola ak 208 cm~2. Whereas the stability
and the spatial quality improve towards lower electron dgrisr the long focal length,
the short one doesn’t show any improvement.

2.4 Stability

When using the 50 cm focal length parabolic mirror from theviwus section, we have
studied the stability of the electron beam with and withowagmetic field. Variations
given here are standard deviations.
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Figure 2.14: (Color) Transverse profile of the electron beam for the 30 analpolic mir-
ror (top) and 100 cm parabolic mirror (bottom) as functiorttué electron
density. The scintillator is placed perpendicular to theetaaxis and mag-
nets were removed. The color scale for each image is detethsieparately.
These two series of shots were not performed the same day.

2.4.1 Beam pointing stability

For each experiment, a reference position on the scirgillaithout magnetic field had
to be defined. We estimated the average position of the etetieam at low electron
density, where the electron beam is more collimated and rsiadgle. The fluctuations
around this position allow to obtain the uncertainty on thergy spectrum. Here, the
electron density is set ta@x 108 cm3.

6° " : . .

Figure 2.15: Beam pointing fluctuations on the scintillator for 10 susies shots with-
out magnetic field. Images have been normalized to the saaydajle.

These 10 images show the fluctuation in a window of 100 mradrdis usually only
a single narrow structure. The divergence of the beam defia¢lde full angle of the cone
with aperture corresponding to the FWHM of the dose profil® #s 3 mrad on average
and fluctuates by 6 mrad from shot to shot (RMS). From thesgésiaone can estimate
the fluctuations of charge of the whole electron beam. Faerltdw electron density, one
obtains an average charge of 3830 pC (absolute calibration).
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2.4.2 Spectral stability

When applying the magnetic field, measurements of the sestability was also per-
formed. Fig. 2.16 represents 10 consecutive shots at the sbatron density. Errorbars
corresponding to the previous uncertainty from beam pogfiuctuations are represented
on the firstimage. Despite a more intense signal locatedjatdnergy, these spectra can't
be qualified as quasi-monoenergetic. The presence of a wggad at low energy makes
it maxwellian-like after deconvolution.

However, the beam is relatively stable. Sometimes, additistructures appear on the
images on the right side of the picture. The charge contaiméite intercepted spectral
range (above 20 MeV) is also relatively stable 20@0 pC. This value is lower than the
charge obtained without magnetic field as expected.

| | | | | | | |
Energy [MeV] 30 50 100 200Laser 30 50 100 20Qase

Figure 2.16: Fluctuations in the electron spectra for 10 consecutivdsshiothe same
experimental conditions. Images have been normalizedet@dime color
table.

In this chapter, a significant enhancement of the qualityhefdélectron beam is re-
ported : in optimal configuration, a quasi-monoenergegctebn beam with a low diver-
gence has been measured. This has been achieved using axdenf &iectron spectrom-
eter, which gives a broadband single shot spectrum.

The various series presented introduce and illustrate soype@rtant parameters of the
interaction : the dephasing length, the self-focusing efifiser pulse. Itis also shown that
guasi monoenergetic electron beams were obtained only @amraw range of parameters.
An increase of the electron density, a lengthening of therlpalse duration or a decrease
in the laser energy make the electron structures vanistimgason of the stability of the
electron beam were also carried out. This work was perforatdgtle best performances
of the laser system, in transition area where fluctuatiorsstifl relatively large. Using
more powerfull laser systems may allow to stabilize the balwve this threshold. This
is also a reason why petawatt laser systems are growingoalhdrthe world.



Chapter 3

Structures of the electron beam and
propagation of the laser

This section gathers experimental results concerning tieediructures of the electron
beam and the laser beam properties after the interaction.

A correlation between the output angle of the electron wighenergy has been ob-
served. This was attributed to an off-axis injection of &@as and an oscillating mo-
tion around the laser axis upon propagation. The measutsphéme transition radiation
shows that the electron beam contains fine structures. @ungethe transmitted laser
pulse properties, a temporal shortening has been meastinedransmitted laser energy
also allows to estimate the energy dumped into the plasmasvavhomson scattering
diagnostic gives information on the propagation of therdasise in the plasma and inter-
ferometry diagnostic shows the free electron density inplasma.

3.1 Oscillations in the spectrum

3.1.1 Experimental results

Observed on several electron spectra during the differgreéremental campaigns, partic-
ular correlation between the electron energy and the aeezbegtron ordinate have been
recorded. These oscillations reveal a correlation betwierutput angle and the elec-
tron energy. A typical example is shown on Fig. 3.1. This im&@s been obtained at
an electron density & 108 cm™3 for the 3 mm-diameter nozzle. What are the physical
mechanisms responsible for such oscillations ? Among tifereint possible origins, one
can think of the laser electric field, instabilities or bevat (synchrotron) oscillations of
the electron beam centroid.

Following arguments allow a reduction of the physical scesa The instability of
electron beam hosing (Whittum et al., 1991) refers to therrast coupling between the
electron beam centroid along the propagation axis with th#swof an ionic channel.
This instability is damped for beams shorter than the plaperéod (Krall and Joyce,
1994). This instability gives modulations at the plasmaatibnwpe. One should expect
larger amplitudes at lower electron energy, ie in the taithaf electron beam. Actually,
oscillations of the electron centroid is observed here fghlelectron energies and not for
low energies.

59



60 Chapter 3. Structures of the electron beam and propagatite taser
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Figure 3.1: Example of electron spectrum showing oscillations of therage position
of the electrons correlated to their energy. This image e lvoluntarily
saturated to show clearly the oscillations.

The laser hosing instability describes the coupling betwaelaser pulse and the driven
plasma wave. Perturbations of the laser pulse modify thel@amotive force, thus de-
forming the plasma wave which is no longer axi-symmetric. réturn, this modified
electron density profile acts on the tail of the laser puldas fesonant coupling between
perturbed laser pulse and the plasma wave has been obseqedneentally (Kaluza
et al., 2006) in experimental conditions close to ours. inetess, we usually work at
lower plasma density and the Thomson diagnostic has newsvrskignificant oscilla-
tions. This effect is described in Ref. (Sprangle et al.,4 ®hvets and Wurtele, 1994)
and these theories require an initial laser pulse pertimbgeither a lateral shift from the
axis of an ionic channel or a spatial chirp of the laser puésgroid along the propagation
axis). In our experimental conditions, the laser pulse tleng shorter than the plasma
wavelength, which damps this instability. Even in the caisa slight instable motion of
the laser beam, the trapped electron would see the samelaitims of the electric field
and the electron beam would experience a global deflectibrs might be the origin of
the electron beam pointing fluctuations for instance. Tarstexplain the several periods
of modulation of the electron beam observed experimentally

Apart the instabilities, if the electron overrun the laselse, they will be scattered by
the electric field. This would mainly involve high energy @lens, i.e. those in front of
the bunch. However, the laser pulse polarization is pengeiat to the axis of oscillation
observed experimentally. The laser electric field doeseins to be responsible for this
effect. Corrections that might arise when the paraxial apjpnation fails are still very
weak, because the first order correction to the electric feellong the propagation axis
(Quesnel and Mora, 1998). The correction along the axis@flasons is of second order
in € = 1/(kowg) ~ 7 x 10~ for wg = 18 um, which is negligible. Then, Faraday rotation
of the laser polarization in the plasma is weak in underdestasma. Finally, if one
assumes that these effects might explain the observed ti&atisns, then the electric
field along the polarization axis would be significantly maneense and would totally
disrupt the electron beam. This is not observed experinigiitacause the electron beam
also remains collimated along the horizontal axis. The raostirate interpretation seems
to be betatron oscillations, which is described in the fwifg.

When the electron is not on the revolution axis of an ioniccte, a radial restoring
force make it oscillate around this axis during propagatiéearey et al., 2002). For
a relativistic particle with a constant Lorentz factor, th&cillation period in a uniform
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ionic channel is obtained by solving the equation of motion.

d muge _
a3 = re (3.1)
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Figure 3.2: Betatron oscillations in a plasma channel for differentceten energies.
Their output angle depends on their energy.

A projection along the radial direction gives the equatidrao oscillator at the be-
tatron frequencywys = wpe//2y. This frequency depends on the electron energy and
therefore, for identical injection conditions (identicalliusry, velocity Vp), the electron
leaves the interaction area with an output angle dependirtger energy (see Fig. 3.2).

The ponderomotive force of the laser excites a plasma waus wake, where the
radial restoring force is linear as in the case of the ionigrctel. But this model doesn’t
describe the simultaneous acceleration of the electrorhéydngitudinal electric field
from the wave. | have solved the equations of motion inclgdirconstant accelerating
field E; (see Appendix A. Let’s writgg the initial normalized velocity (t@) andyp the
initial relativistic Lorentz factor3 andy the same quantities at the end of the interaction
andEg = meCwpe/€. The electron is assumed to be injected at radgusnd their initial
velocity is parallel to the propagation axis. In the parhapproximation and assuming
that/2yoBoEo/E; > 1 (verifieda posterior), the output angle is written :

1/4
e, =~ oo O sin 2 (V2P 200) 32)

From the experimental image (Fig. 3.1), one obtains theespwndence between the
final electron energy and the output angle. This curve istgdbon Fig. 3.3. Recent
studies (Lu et al., 2006b) allow to reduce further the nunab@nknown parameters. The
authors give the injection energy in the accelerating stinec The injection takes place at
the back of the cavity when the particle velocity equals tlsma wave phase velocity.
Taking into account the front edge erosion of the laser ptise leads to a reduced phase
velocity and finally the following injection energy :

Vo= —-2 10 (3.3)
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Figure 3.3: Optimization of the parameters from Eq. 3.2 to the experiaetata with
ro = 0.35um, Eg/E, = 1.6. (solid line) experimental curve from Fig. 3.1,
(dashed line) optimization.

Setting the value of this parameter mainly sets the phaskeo$inusoid in Eq. 3.2.
The accelerating electric field and the radius of injectitilhreeed to be determined. They
influence respectively the frequency of the oscillationd #reir amplitude in this equa-
tion. Optimization by the method of least squares gives theecrepresented in dashed
line on Fig. 3.3. The optimized parameters correspond tamsaof injectionrg = 0.35
mum and an accelerating fiee, = 150 GV/m. These parameters seems coherent with the
values expected for this mechanism. Indeed, one thinksadias smaller than the wave-
length plasma (14mum) and an accelerating field which allows to reach the maximum
energy measured in experiments (100 MeV) in 3 mm of intesacti

The assumptions of this model are strong. It is simply uselilistrate the interpreta-
tion suggested. In reality, the interaction is more complthe electric field might not be
the same one for all the electrons because of the screenthg atcelerating potential of
the wave plasma by the other injected electrons (satufatiime radius of injection can
also move during the propagation, possibly because ofhitgiias mentioned above. But
the essential question which remains is “Why on this paldicahot, was the injection
off-axis?”. It is possible that an initial asymmetry in tlesér leads to an asymmetry of
the wave plasma and thus off-axis injection.

Similar images were obtained but only under the same exgatiahconditions. This
comes from the fact that the electron beam is collimated antains a high load only in
a restricted range of parameters.

3.1.2 Propagation of an asymmetric laser pulse

Simulations were carried out by our colleagues from GoLPartiyal for an initial asym-
metric laser profile. To our knowledge, these are the first BD $fmulations carried out
for a nonideal laser pulse. These results are still at ampnediry stage but make it already
possible to highlight the experimental mechanism invollaarder to minimize the com-
puting time, the parameters of simulation do not reprodheeeixperimental conditions:
a laser pulse of duration 33 fs (FWHM), of energy 5 J centeoe®00 nm is propagated
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in a plasma of uniform initial electron density = 7.7 times.0'® cm 3.

Usually, theorists take Gaussian profiles spatially angtaaily corresponding to the
fundamental mode of propagation in the paraxial approxmnatThe figure 3.4 shows
the transverse profile of intensity initial of the laser mu®luntarily set to be asymmet-
ric. The radius at 1€? of the intensity equals 7 and 12n respectively for positive and
negative directions on both axes. The corresponding ponu&ive potentiaby reaches
a maximum of 6.5. For such intensity, the injection occurmediately as the laser en-
ter the plasma, which allows the direct relation betweenlaiser profile and the elec-
trons, while skipping the self-focusing section. The siatioins is done in a volume of
48x 95x 95um?3 divided in 1874x 248x 248 cells. Each cell contains initially 2 particles.
The laser propagates alorgand is polarized alongs.
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Figure 3.4: (Color) Initial asymmetric laser intensity profile.

Because of this initial laser intensity profile, the ponadeodive force is unbalanced
during the propagation of the laser in the plasma, whichdesldo to an asymmetric
plasma wave. In the end, one notes an injection shifted fleraser axis on Fig. 3.5.
These images correspond to the electron density profilesepkane of polarization of
the laser and in the perpendicular plane, containing the @propagation.
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Figure 3.5: (Color) Electron density profile after 196n of propagation. The laser prop-
agates from bottom to top. The snaphot was taken in the ptamaiaing the
laser axis and the transverse axis perpendicular to the pipolarization.



64 Chapter 3. Structures of the electron beam and propagatithre taser

According to the simulations, the duration of injection ®# relative to the period
of motion at the back of the cavity. This helps to confirm th@dthesis of the model
described above (see Appendix A) : electrons are injectdteagame radius and perform
betatron oscillations during their propagation.

In order to simulate more particle, this simulation is rearoed in 2D geometry. This
new simulation represents a volume of8366um?, composed of 3274 500 cells, each
containing 81 particles initially. The plasma period is jgigal to this 2D geometry and
equalswy/wpe = 13 and the normalized vector potential reaches 3. The lag@iarized
in the plane perpendicular to the simulation. Finally, olams an asymmetric shape
of the plasma wave and an injection shifted on figure 3.6a. drtgular distribution as
function of the electron energy appears clearly on figurd 2#er a propagation of 0.8
mm.
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Figure 3.6: (Color) 2D PIC simulation : (a) Electron density after a pagption length
of 0.8 mm, (b) angular dependence of the electron distobutvith energy.

This study shows that an initial asymmetric laser pulse eaa to an asymmetric
plasmawave. The energy-angle correlation observed expatally has been reproduced,
which validates the scenario. These studies on non-idesakiction conditions are unique
and emphasize the dependence of the interaction on thepalserfluctuations, inherent
to experimental studies.

3.2 Transition radiation

Fine structures of the electron beam have also been obsieraatifferent way. We focus
here on the transition radiation emitted by a relativisteceon beam at a metal-vacuum
boundary (Ginzburg and Frank, 1946; Goldsmith and Jell®$9). This technique is
commonly used in particle accelerators to measure theretebeam properties such as
electron energy and angular distribution (Wartski et a.79), the source size and the
bunch shape (Shibatt al., 1992), the duration (Kung et al., 1994) or the period of mi-
crobunching (Tremainet al,, 1998). Because this is a surface effect, the thicknesgf th
diagnostic can be very thin, which limits the scattering lué electrons, explaining the
popularity of such a detector.
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3.2.1 Angular and spatial distribution of the OTR

Figure 3.7: Transition radiation generated at an interface by an elac{fhe green area
represents the amplitude of the propagating electric fieldegated at the
interface. The divergence of this radiation evolves ag Wherey is the
relativistic factor of the particle.

In the visible range, this transition radiation is named i@ptTransition Radiation
(OTR). When an electron crosses a boundary, an electrortiagna&ve is emitted (see
Fig. 3.7). The global contribution from all electrons aerated during the interaction
reveals the structures of the electron beam. First, heresisnamary of the analytical
formulas from two theories giving the angular and the spaistribution of the electric
field generated at an interface.

Angular distribution

For a relativistic electron, analytical formulas give th€Roradiation emitted as a function
of the azimuthal angle of observati@rand the properties of the electron at the interface
(incidence anglep, distance to origirp, polar angleg of the projection of the velocity
vector on the radiator plane and the normalized momentenyB) (Ter-Mikaelian, 1972;
Schroeder et al., 2004). The geometry is represented ir3(8g.The interface is placed
atz=0. The normalized electric field is projected along two perieular axe€ (Sh =
E,& +EL€& . The unitary vectog is in the plangx, 0, z) and the vectog, is collinear

to (Oy). The normalized components of the electric field are :

ucosy[usinPcosp— v/1+ u?sind|

[V 1+ u2 — usiny cospsing]2 — [ucosy cosh)?
4 (3.4)

£ u? cosysin singpcosd
\ * [V1+ u? — usiny cospsing]2 — [ucosy cosh)]?
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Figure 3.8: Definition of parameters for the angular distribution of #iectric field. The
blue point shows the impact position of the electron trajgctith the radi-
ator plane placed gk, O,y).

These formulas assume the interface is between a perfedtictor and vacuum. This
theory allows to account for the angle of incidence of theteten. For an electron per-
pendicular to the radiatap = 0, the electric field reduces to a much simpler form, which
exhibits the Yy trend of the divergence :

B2sir’ 0

(1-B2cos0)2 (3:5)

E(SCH(e)Hz -

Spatial distribution

Other studies have lead to the spatial electric field digtidm from an electron impinging
at normal incidence on the radiator (Castellano and Verzil@98). This theory is based
on a pseudo-photon description of the electron. The totafrdmtion from the electron
and the field reflected by a perfect conductor gives the étdattd which establishes. The
origin of the coordinates is the intersection point betw#denelectron and the radiator.
The expression of the normalized electric field is expresseiinction of the cylindrical
coordinates zthe distance to the radiatqrthe distance from the projection to the origin
and @ the corresponding polar angle (which doesn’'t appear). &detion is polarized
radially (along€). The geometry is shown on Fig. 3.9. The normalized elefiid is
written :

EC(p,2) = [ & Y1, (kpt) it (3.6)

0 t2+(By)~?
wherek is the wave vector of the radiation observed ahds the Bessel function
of the first kind. As the authors underline, the argument i é&xponential function,
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Figure 3.9: Definition of parameters for the spatial distribution of #lectric field. The
blue point shows the impact position of the electron trajgctvith the radi-
ator plane placed 4k, O,y).

involving the propagation distance, shows that propagatiodes correspond to> 1.
Other modes correspond to a quasi-static field which estaddi at the surface of the
radiator. The integral can be split into a quasi-static t(—;fé‘rand a propagating term
J1_ which corresponds to the emitted radiation. In the follagyinnly the later term is
computed. Figure 3.10 shows the radial evolution of the #&og# of the electric field for
y = 200.
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Figure 3.10: Amplitude of the electric field from Eq. 3.6 as function of trelius for
y = 200.
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Calculation of phase

For an electron distribution, the individual contributioh each electron to the electric
field contains a phase. This phase includes two terms (se@Hit) : a delay from the
propagation of the electron up to the radiadty, another delay taking into account the
angle of observation of the radiation emittdgl. The total delay it = ote + ot, and
the phase to be introduced in the electric field is(expwdt) wherew is the pulsation
of the radiation. In the case of the spatial distributionhef tadiation, the calculation is
performed at the surface of the radiator and the second defarodt, = 0.

Figure 3.11: lllustration of the phase from the propagation of the etatdrdte) and from
the emission of radiatiordt; ).

Here is an analytical example to understand the principllh@fmeasurement. One
assumes an point-like source of electrons with identicaperties (energy, momentum).
This beam is characterized by its temporal distributf@t). The electrons cross the ra-
diator perpendicular to their direction of propagation. dgnthese assumptions, the in-
dividual amplitude of the electric field(8) emitted by each electron is identical. The
dephasing term depends only on their time of arrival on tlgatar, i.e. on the temporal
distributionf (t).

If one computes the angular distribution of the radiatiopwdsationw, one integrates
the contribution of all the electrons

Etot(0) = % E(8) exp(—i wdt(k)) (3.7)
k=1

wheredt (k) is the delay for electroik to the interface. This can be rewritten using the
distribution functionf (t) from the source

Ecot(0) O E(e)/ f(t) exp(—iwt)dt = E(8) TF(f)(w) (3.8)
The intensity on the detector after integration over thdesgf observation becomes

| (w) O / HE(G)TF(f)(w) sznsin(e)de — 1o | TF(f)(w) |2 (3.9)
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The electric field given in Eqg. 3.5 is independent of the pudsa This relation shows
that the signal measured on the spectrometer depends orotheiFtransform of the
distribution of the electrons. If structures exits in theatton beam, they will appear in
the spectrum at corresponding wavelengths.

This simplified case illustrates the correspondence betweestructures of the elec-
tron beam and the spectrum of the radiation emitted. Intsedhie phase term is more
complex and the signal can’t be estimated using only a Fotraasform. A numerical
simulation allow to compute the radiation for more compléecton distributions. This
is detailled in section 3.2.4.

3.2.2 Experimental setup

In order to study the forward coherent radiation emittedhsy ¢lectron beam, a 1Q6n-
thick aluminum foil has been added to the previous setups tiailed the radiator and
was placed at several distances along the electron patle tihedoss of coherence of the
radiation emitted by the electron beam. This thickness wialium prevents the ASE
from the laser from drilling a hole in the foil before the maialse arrives, also in order to
protect diagnostics placed behind. A lens with focal ler838 mm and collection angle
4° (width) images the surface of the radiator onto a CCD camdsing a glass window,
the simultaneous measurement of the spectrum in the visablge is performed on an
imaging spectrometer containing a grating with 150 lines/riThe experimental setup is
shown on figure 3.12

The spectral range is limited to 400-850 nm because of a dregmnsitivity outside.
Among all the shots, only few can be analysed because of tbeifitions in the signal
intensity. The measured spectra are corrected for theuime&tntal spectral response of the
detection system. The calibration was done using a white i@niel model 63355) with
known spectrum, lend by LULI.

3.2.3 Imaging diagnostic

Fig. 3.13 shows the images obtained when varying the disthetwen the interaction
point and the radiator. One notices that fluctuations attjposiLl40 mm are large and
correspond to shot to shot variations510 mrad as usually observed on the scintillator
screen. As the radiator is moved further away, the size o&@hR signal almost doesn't
change (of the order of 2Q@m). The emission remains intense on an area which doesn’t
vary proportionally to the distance. One observes only etiva of the electron distribu-
tion, for which the structures in the electron beam pergsinupropagation and for which
the emission remains partially coherent.

The decrease in the emitted energy as function of the distanhe radiator is shown
on Fig. 3.14. The energy has been obtained using the absallibeation of the detection
system (CCD camera and neutral density filters) in the ra@§e19000 nm. For a given
position, one notices large fluctuations of the signal. Tigea drops by several orders of
magnitude with distance. This comes from a progressive dayrgd the structures of the
beam during propagation because of the distribution of itadgnal and transverse mo-
menta. For an incoherent emission, the energy level woulthne constant, independent
of the position of the radiator (because the collection aigkept constant).
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Figure 3.12: (Color) Experimental setup for the measurement of the OTéRtspm and
the image of the radiator.
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Figure 3.13: Example of images of the radiation emitted at the surfacéhefradiator
for several distances between the source and the radiatwe. 3Timages
at 140 mm have a magnification factor twice lower. The echohenleft
is the back reflexion on the glass window used for the imagiagrabstic.
Images have been normalized independently.
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Figure 3.14: Evolution of the OTR energy in the range 0.4-Lf with distance of the
radiator, estimated using the absolute calibration. Thehea area corre-
sponds to signal calculated for an incoherent emissiorguseparate elec-
tron spectrum measurement.
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Here is an estimation of the signal which would have beenibthfor an incoher-
ent emission of the OTR radiation. Knowing the angular aretspl distribution of the
radiation (Eq 3.4), the collection angle and the spectispoase of the CCD, it is possi-
ble to compute the number of counts measured for one elecEgperimental electron
spectra acquired separately during this experiment wezeé tasretrieve the spectral distri-
bution. The level of signal obtained is shown in the crosstinied area and is well below
the experimental signal whatever the distance. In padrcdibr a distance of 1.5 mm,
the measured signal is 5 orders of magnitude above the ineghkevel. The emission
is therefore partially coherent, which confirms that infation can be obtained on the
relative delay between electrons from the distributiongleast from the fraction of the
electron distribution which contributes efficiently toshntense radiation).

3.2.4 Spectral analysis

2.0
] a)
Fl 4
5,
=2 1
k%)
o
g 10+
=
3 ] °)
N
E —
:
=
Z
00 i T i T i T i T i
400 500 600 700 800

Wavelength [nm]

Figure 3.15: Examples of OTR spectrum measured experimentally for atadplaced
at 30 mm, after deconvolution of the instrumental resporide electron
density was set t0.8 x 10'8 cm~3. An iris was used with a collection angle
(half-width) of a) 3 mrad and b) 8 mrad.

Fig. 3.15 shows two electron spectra obtained after dedotwa of the spectral re-
sponse of the detection system. For these shots an iris mamty the collected radiation
and the half-angle of collection was respectively 3 and 8dfioa spectra a) and b). The
use of an iris is equivalent to the selection of the radiafrom the most energetic elec-
trons. The OTR spectrum is peaked a several wavelengths$480590 and 740 nm) and
its shape evolves from shot to shot. These spectral peakalssslectron beam structures
at the same wavelength. It has been verified that withoutrgasjgnal was recorded in
this range. The physical explanation to this emission isssite overlapping of the elec-
tron beam with the back of the laser radiation in the accelegaavity. The interaction
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of electrons with the laser field has also been publishedhtBcerhen recording the evo-
lution of the ellipticity of the electron beam with the pakation of the laser (Manglext
al., 2006).

One notes that the wavelength of the peaks differs from the&adaser wavelength
(810 nm usually). Actually, the laser spectrum is modifiedmty propagation and espe-
cially relativistic self-phase modulation and plasma vgalead to a blue shift inside the
cavity. It is shown is section 3.3.3 that these effects leaal blue shift at the back of the
laser pulse, where the electrons are. Consequently, ittisurprising that the electron
beam is modulated at a wavelength which differs from there¢niavelength of the laser.

In order to justify these experimental observations, theRGpectrum emitted by
an electron distribution from PIC simulation at an inteddtas been computed (using
Egs. 3.4 and 3.6). The electron distribution used comes thensimulation described in
Ref. (Faure et al., 2004) with similar experimental cormhis. Fig. 3.16 shows the electron
beam structure in the plane of polarization of the laser. dinglitude of the oscillations
increases as the electron beam overlaps with the laserjfistdying the interpretation of
the modulations from the laser electric field. In the simolad, the electron distribution
is modulated by a blue-shifted laser field.

The number of electrons is limited to 150000, to limit the gotation time. Only
electrons with energy above 100 MeV were used. In order t@liynthe propagation,
Coulomb repulsions were neglected. The electrons propaglang a straight line up
to the radiator placed at positian= 100 um. Electrons arrive at different time and the
radiation is emitted at different places on the radiatore €lectric field emitted by each
electron is then computed by taking into account these detathe emission.

This distance doesn’t match the experimental conditions this helps to illustrate
the emitted spectrum from a modulated electron beam. Tige laumber of electrons
in the experiment allow the observation of coherent radrator larger distances. In the
simulation, the signal vanishes quickly due to a lower nunolbelectrons.
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Figure 3.16: Electron density profile from the PIC simulation : (left) imetplane of po-
larization, (right) perpendicular to that plane.The alecs propagate from
left to right. There is a structure in the electron densityp@nsible for the
coherent emission observed experimentally. This stredsireproduced to
the right with a solid line.

Fig. 3.17 shows OTR signal emitted by the electron beam fetwo methods. The
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spectrum is peaked at 600 nm, corresponding to the wavélesfgthe electron beam
modulations and this matches the experimental obsenstibne shape of the spectrum
slightly differs between the different methods, which niyacomes from different hypoth-
esis of each theory. Eq. 3.6 assumes that the electron mmdengle is perpendicular to
the radiator. One also notices the second harmonic arouddi®dn the simulations. Ex-

perimentally, the sensitivity of the CCD camera didn’t allthe observation of the second
harmonic.
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Figure 3.17: OTR spectrum after a propagation over 10, simulated with an elec-
tron distribution from a PIC simulation, either using E¢ 8solid line) or
Eg. 3.6 (dashed line).

3.2.5 Oescillations in the OTR spectrum

Now the radiator is placed at 1.5 mm. For this particular posj we have observed
several times spectral modulations (see Fig. 3.18). Tlhikddike interference pattern
between two successive coherent sources. The analysieadfalpinterferences is com-
monly used to measure the bunch separation in micro-buneleetron beams. Two co-

herent sources delyed liygive an intensityl (w) on the detector which oscillates with
pulsation :

(@) O (| E(w)e®+E(w)d“tv 2y, (3.10)
0 2|E(w) |?cos (wr/2) (3.11)

From the experimental data, the delay is estimated+o74 fs. Let’s consider first
the propagation effects : (i) if the average energy of the élsctron bunch is higher than
that of the second bunch, the separation between the twyaidasunches will increase
upon propagation to the radiator. (ii) If two electron bueshvith the same kinetic energy
don’t have the same trajectory, they would reach the radattdifferent times. Here are
two numerical applications for realistic parameters ofititeraction.
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Figure 3.18: OTR spectrum showing modulations. Signal below 450 nm d¢asitenly
noise : the sharp peaks come from X-rays that directly hiG® camera.

Numerical application

Let assume two electron bunches with identical directiopropagation. Ley; = 40
andy, = 200 be their relativistic factor. The delay on the radiatiarcpd at position
L=15mmisdte ~ (1/y2 —1/y3)L/(2c) = 1.5 fs.

Consider now two electron bunches with the same kineticggnpropagating
in different directions. The first one is oriented along thsdr axis and crosses the
radiator perpendicularly to the radiator. The second on&esian angle obi =
10 mrad with this axis. This angle allows to observe intenfees in the radiation
emitted because the distance which separates the twocglditams on the radiator
equals 15um, which is smaller than the OTR source size, usually estéth&iyA ~
120 pum for a 100 MeV-electron emitting at 600 nm. The delay whicpasates the
two bunches on the radiatord = (1/coqa) — 1)L/c = 0.25 fs.

Both geometrical effects are two weak to explain such a delderefore, the two
electrons beams are expected to have an initial separatabtozoriginate from two dif-
ferent (successive) plasma wave buckets. Several eldotmoches were already recorded
on the same shot using scintillator screens. In that caseywonld expect a delay corre-
sponding to the plasma period. In the linear case, this onalsg= 50 fs for an electron
density of fie = 5.0 x 108 cm~3), which is slightly lower than the observed delay. But in
such non-linear interaction, the plasma period might bgdonhan the linear case due to
the relativistic factor of the electrons. The geometridd@as described before may also

account for a small additional delay.

Numerical application
The non-linear plasma period is writterl‘ﬁL = /Yelp, Wherey is the relativistic
factor of the electron in the plasma wave. If one neglectgrosiources of delay to

the measured value, this gives a relativistic factoy.of 2.3.
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When the radiator is placed at 1.5 mm from the source, thetiaddi phase coming
from the transverse extension of the electrons bunch idgibt compared to & For a
usual divergence of the electron beanbgt= 5 mrad (half angle), this phase term equals
nG%I /A = 0.23 at a wavelength df = 500 nm. Consequently, the OTR emission depends
only on the longitudinal (temporal) structure of the eleatbeam.

For instance, the main features of the observed spectrumngif3FL.8a) are reproduced
in Fig. 3.18b) using the temporal profile shown in the inséte Tirst pulse is modulated
at 550 nm by the laser pulse in order to produce a peak in thatra spectrum. The
second bunch, delayed by 75 fs, is not under the influencesd@tfer (not modulated) and
creates a broadband OTR spectrum over the optical wavélemgtich interferes with the
peaked spectrum. There exist various realistic tempowdilps that allow to reproduce
the observed modulations. Here, it is assumed that botkretebunches have the same
electron spectrum corresponding to a measured one. Tharfidstecond bunches respec-
tively contain 70 % and 30 % of the charge and have a duratid@ & and 3 fs (FWHM).
Because the second electron bunch is not expected to be atediuh fundamental result
is the requirement of an ultra-short bunch duration (a fawteseconds) in order to repro-
duce the signal level obtained in Fig. 3.14. These duratimpend weakly on the other
parameters of the electron distribution (distributionfpgeg fraction of charge contaned in
each bunch, chape and amplitude of the modulations in thédiirgh).

The interference of coherent OTR signal in the spectral dotnas shown the gener-
ation of successive electron bunches in laser-plasmaaittien. These are the different
electron bunches which are observed usually on the elespectrometer.

These results show the measurement of electron beam s@satthich generate a
coherent radiation in the visible range. This radiatiomnotg from modulation of the
electron beam by the blue-shifted laser electric field,des®herence during propagation
of the electron beam in vacuum. The frequency shift behieddker pulse is presented
in section 3.3.1 to explain the temporal shortening o therlasiise. The structure of the
electron beam can be even more complex and can contain kbuahes, which leads
to interference patterns in the radiation spectrum of feamtond electron bunches. Very
short electron bunches are necessary to reproduce theydeeel measured experimen-
tally.

3.2.6 Measurements in the terahertz range

Similar measurement were done in another frequency range 8to 10um (Faure et al.,
2006). This corresponds to frequencies of the order of 30.THzis experiment was
performed in collaboration with the Laboratoire d’OptigeieBiosciences. The experi-
mental setup is shown on Fig. 3.19. The same radiator asebefgylaced at position
L = 3 mm from the electron source. The radiation is recordedguaimitrogen-cooled
HgCdTe infrared detector. This detector is sensitive toel@wgths shorter than 1in
and its absolute calibration is known. The angle of coltatis limited to6p = 10 mrad.

In this study, the size of the electron beam on the radi@gbris shorter than the radia-
tion wavelength, which imply spatial coherence of the sigiidis detector is sensitive
to the to the temporal coherence of the electron bunch anth#@surement is sensitive
to electron beam structure around 841@. This wavelength is comparable to the bunch
duration. If the electtron bunch has structures of 30-501& should observe a coherent
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signal around 1Qum.
Formulas given previously for the OTR radiation are stiligddnere, and more gener-
ally for frequencies below the critical frequency of the alefThis one is defined as the

plasma frequency corresponding to the free electron deg@sif.0*® Hz) (Jackson, 1925,
p285).
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Figure 3.19: Experimental setup for the measurement of radiation indnge 8-1Qum.
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Figure 3.20: Global transmission including germanium filters, silicoftefis, glass
wedge and interference filter.

The measurement of the electron beam duration in the THz ohonas already been
used on conventional accelerators (Kung et al., 1994). W@thod was also used for
electron beams originating from laser-plasma interactiothe range (Leemans et al.,
2004). It is also possible to measure the bunch durationgusiectro-optic diagnostic
(Yan et al., 2000; Wilke et al., 2002). This is based on thesussment of the rotation
of polarization induced by the electric field from the electbeam as is propagates close
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to a birefringent crystal. However, the geometry of suchesxpents makes very difficult
the measurement of electron bunches shorter than 100 fs.

The global transmission of the filters (germanium, silicglass wedge, interference
filter) is shown on Fig. 3.20. It is maximal at 8-16n and strongly damped for the laser
wavelength. We checked that no signal was recorded withasit\ghen the laser directly
hits the radiator. With gas, we have measured an intensalsag8-10um. Using the
calibration of the detection system, the energy is estichatdW/dA = (6.5+3) x 10710
Jium.

During this experiment, we have also measured the elecpecatsim using the scin-
tillator. It can be used to estimate the incoherent levelasfiation by integrating the
contribution from each electron.

d?w e N-
| = (n)
dwdQ|,,. 4megC H;HE

2
(3.12)

whereN is the number of electron above 50 Meﬁ\ﬁ(”) H is the norm of the electric

field emitted by electron for an incidence angle set to zero (Eg. 3.5). The OTR radiatio
propagates with a divergence angle gfy1 Due to a collection angle of 10 mrad, the
radiation emitted by electrons below 50 MeV contribute weai the measured signal.

Fig. 3.21 shows the level of signal measured and the esbmati the incoherent
case using Eg. 3.12. The incoherent level is below the measant by three orders of
magnitude. Consequently a part of the radiation emittedh&rent and the electron beam
has temporal structures shorter than 50 fs.
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Figure 3.21: Spectral energy emitted : (point) measurement on the detesing the
calibration of the experimental setup, (dashed line) leldhined for an
incoherent emission.

Fig. 3.22 shows the evolution of the infrared signal and thmber of electrons as
function of the electron density. The optimum of cohereghal corresponds to optimal
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interaction conditions, when the electron spectrum costhigh-energy particles. Due
to relatively large errorbars, it can’t be said if the sigeablves linearly or quadratically
with the charge.

0.028

1 o IR Signal
0.024 + 4 Electrons

0.020

0.016

0.012 -
0.008 ~ %
’ ¢

0.004 -

Signal [au]

0]
¢ N

0.000 ¥4 : : : ‘ 9 4
0 1 2 3 4 1o 5
Electron Density [x10 /cm3]

Figure 3.22: Infrared signal and number of electrons as function of teetebn density.
Errorbars on the infrared signal correspond to the electigimatic noise on
the measurement. Double errorbars are applied on the digpnaklectrons
. one from the level of noise (on the left of circles) and thiheotfrom
statistical fluctuations (in the middle of circles).

Finally, this measurement shows a partially coherent temhiagenerated by an elec-
tron beam containing sub 50 fs structures. When trying toodyce the observed level
of signal using several realistic bunch profiles, the etectounch duration needs to be
shorter than 100 fs (FWHM) (Faure et al., 2006).

3.3 Laser pulse properties

Previous diagnostics were focused on the properties ofldatren beam. The transmit-
ted laser spectrum was also measured (Faure et al., 2005t Iby presenting some
mechanisms responsible for the shortening of the laseelugation.

3.3.1 Oirigin of temporal shortening

In plasma, the propagation of the electric field depends enrdffractive index of the
medium (see Eq. 1.5). In the frame of a weakly relativistieiaction where the plasma
response can be linearized, the index of refraction in udéase plasmauf, < wp) and
with a linearly polarized laser field is

q:l—%(ﬂé—;—(a—?‘) (3.13)
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where there are two kinds of corrections, which depend ortipas, = z—ct :

e On/n is the electron density perturbation from the plasma waver |éng laser
pulses, this gives birth to self-phase modulation instigbpresented in Sec. 1.4.2.

e (a%);/2 is the relativistic correction to the refractive index.igterm is responsible
for relativistic self-phase modulation and relativistedfsfocusing. Operatof.); is
the average over an optical cycle.

The frequency shift obtained from the variation of refraetindex is :

on
6oo_wo/$dz (3.14)
Individual frequency shifts are shows on Figs. 3.23b-chménd, the intense part of the
laser pulse stands in a red-shifted area (Fig. 3.23d). Dl lvariation of the index of
refraction also leads to a local variation of the laser greelpcity

nggi;’:c< —%%(Hé—;—@» (3.15)

This is shown on Fig. 3.23e. The front of the laser pulse pyapes slower than its
back. This leads to a temporal shortening of the laser pulsegl propagation.

This 1D explanation corresponds to simplified hypothestsielp to understand the
origin of the obtained results.

3.3.2 Laser spectrum broadening

The transmitted laser pulse is significantly damped by tleeafishe reflexion on a glass
wedge and Jum-thick pellicle. The laser light is collected using a spt&rmirror and
the pulse exits through a 3Qdn-thick Mylar foil. The B-integral can be neglected in this
window. Fig. 3.24 shows the two diagnostics used simultasilya a single shot auto-
correlator and a spectrometer. The beam is once again danspegipellicles and a glass
wedge to adapt the intensity to the sensitivity of the CCD e@anAn 8-bit CCD camera
is used in the autocorrelator and a 16 bits Andor CCD is maliotethe spectrometer.
The laser is focused on the slit of an imaging spectrometetagcang a grating with 300
lines/mm.

Fig. 3.25 gives the transmitted laser spectrum for sevéeat®n densities, after de-
convolution from the spectral response from the grating taedCCD. Without gas, the
spectral width is 35 nm (FWHM). With gas, one notices an ingoatrred-shift, signature
of the effect from plasma waves and relativistic effectse pectral width reaches 100-
150 nm (FWHM), which corresponds to a Fourier transform{iafi7-8 fs. Of course the
spectral broadening is a consequence of temporal shogenimo evidence is given here.
Consequently, a single sot auto-correlator has been useddsured the pulse duration.

3.3.3 Temporal shortening of the laser pulse

A single shot autocorrelator (Rebibo, 2000) has been useteasure the pulse duration.
It contains a 5Qum-thick and type | BBO crystal. A prism used in reflection tpthe
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Figure 3.23: Principe of laser pulse shortening : a) Laser intensity dadten density
perturbation, b) frequency shift from relativistic cortien, ¢) frequency
shift from plasma wave, d) sum, e) group velocity dispersion
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Figure 3.24: Experimental setup for the simultaneous measurement ef fagse dura-
tion and spectrum.
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Figure 3.25: Transmitted laser spectrum for several electron densities
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laser beam in two parts which are sent in the crystal with ardence angle of 5 The
minimum pulse duration that could be measured was 10 fs ariddes the resolution
from the geometry 2 fs and the phase matching from the BBQtaryghich limits the
measurement to 10 fs pulses.

Fig. 3.26 gives the signal obtained with and without gas.ghsicant pulse shortening
is observed with gas. Without gas, the autocorrelationaigives a FWHM width of
53+ 2 fs. Hypothesis on the temporal shape of the pulse must be toretrieve the
temporal width of the pulse. The assumption of a Gaussiasedehds to an initial laser
pulse duration of 3& 2 fs (FWHM). With gas, the width of the autocorrelation signa
shrinks down to 14t 2 fs (FWHM). Here, it's less easy to give an estimation of the
temporal profile. Assuming extreme cases, a square pulsgepnmuld lead to a width
of 14 fs (FWHM), and a Gaussian pulse (best case) would leaditoation of 9+ 1.4
fs (FWHM) which is close to the resolution of the detector.efiédexist more complex
temporal shapes that can lead to a thin autocorrelatioe &gen if the laser pulse has a
large envelope (Trebino, 2002). Even if such modulatiorib@faser pulse in under-dense
plasmas is not very likely, complementary measures usingeBpr Frog techniques are
necessary.

With gas, the image is smoother than without gas. In redlitig “auto-correlator”
gives the temporal correlation between two separated patte same laser beam. Con-
sequently, one should not expect a perfectly symmetricasigithe correlation in the
beam coming from amplification stages, even if spatiallefdt, gives inhomogeneities
without gas. Image 3.26a gives the raw correlation of therheahich contains inten-
sity and phase inhomogeneities. On the opposite, duringggation of the beam in the
plasma, non-linear effects mix the spatial information &ratl to a better correlation of
different parts of the beam. At the output, laser diffrastadso mixes the information in
near field where the measurement is done. Consequentlyptredation of two different
parts of the beam is much more symmetric and vertically hanegus with gas. The
plasma smooths the laser. However, this effect doesn’tapgueclearly on every shot.
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Figure 3.26: Signal obtained on the single shot autocorrelator with aftdout gas, for
an electron density of.3 x 108 cm 3.
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Finally, there are also secondary peaks in the autocowalaignal with gas. This
can be reproduced mathematically if one introduces, faamse, three secondary peaks
in the temporal laser pulse profile. This may happen if therlasilse doesn’t completely
fitin the first plasma bucket. In particular, when the electiensity in increased (plasma
wavelength decreases), one observes a modulated autatonrsignal rather than a tem-
poral shrinking (Faure et al., 2006) (see Fig. 3.27). Thé® akfers to the difference be-
tween self-modulated laser wakefield acceleration (Sdc2)land forced laser wakefield
acceleration (Sec. 1.4.2).
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Figure 3.27: Autocorrelation signal for two different electron densiti: a) 75 x 108
cm~2 and b) 18° cm2. The dashed curve represents the autocorrelation
profile without gas. The insert on a) represents a possilalpestvhich gives
this autocorrelation trace.

Finally, the laser pulse was likely to be shortened from 38 f50-14 fs when the laser
pulse duration is close to the resonance with the plasmaleayh. Additional measure-
ments are necessary to confirm this temporal shorteningcdhmgpression efficiency was
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estimated to 285 % of the initial energy. Such properties are interestingalbse the
spectral band of amplification of crystals limits the laselsp duration to values of about
30 fs. Other techniques which allow pulses shorter than lrdsused at lower energy
(self-modulation in capillary tubes, optical parametmoification). Their use at higher
laser energy still needs to be demonstrated.

3.3.4 Transmitted laser intensity
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Figure 3.28: Experimental setup : Imaging of scattering foil, interieretry and Thom-
son diagnostic.

A simple diagnostic to visualize the transmitted lasernstg after the interaction
point was set up (see Fig. 3.28). The imaging screen is a sfiegtical paper, placed
perpendicular to the laser axis at a distance of 36 cm fronmtleeaction point. This very
thin scattering foil is imaged onto a CCD camera. Two glassges used in reflexion and
neutral density filters are used to damp the radiation intyniSig. 3.29 shows the inten-
sity profile measured with and without gas. Without gas, tgea is rather homogeneous
in a ring corresponding to the natural divergence of the baafth gas, a fraction of laser
energy is scattered during the interaction. One observeattesed radiation much wider
superimposed with the fraction of light which remains in dome of initial divergence.

Without gas N=5.0x10° /cth Ng= 10 x 102 /e Ng= 20 x 10°® /end

Figure 3.29: Spatial intensity distribution on the scattering foil fofferent electron den-
sities. On the left, image without gas. Images have been altred to the
same color table.
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When integrating the intensity over the solid angle coroesiing to the natural di-
vergence of the beam, one can estimate the fraction of siprghined in this area as
function of the electron density. Fig. 3.30 summarizestigisd. The higher the electron
density, the more scattered the radiation.
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Figure 3.30: Fraction of laser intensity integrated over the whole seatty foil (circles)
or in the cone of natural divergence of the laser beam (fillachdnds).

If the scattering foil is optically thin, then it acts as ateauating filter on the incident
radiation. It is considered here that the measured sigrmabigortional to laser intensity.
In that case, curve 3.30 gives the fraction of energy corthim the laser cone after
interaction. One notices that for an electron density.05610' cm~3, the transmission
is about 40%t 10% in the laser cone. This value matches with the estimatiothe
single shot autocorrelator for the same aperture. Whergubie whole collected signal,
20%+ 10% of laser energy is estimated to be scattered outsidesiee tone. Finally,
40%-+ 10% of laser energy was damped in the plasma waves and afraxdtihis energy
is transfered to electron kinetic energy.

3.3.5 Thomson scattering

Electromagnetic dipole radiation emitted during the motd an isolated electron in the
laser electromagnetic field is called Thomson scatterifge dmission lobe of this radi-
ation at the laser frequency is directed along the vertixe gerpendicular to the optic
table). A mirror and a lens have been placed above the nazzlellect the light and im-
age the plasma onto a CCD (see Fig. 3.28). Fig. 3.31 showsxamipde of image. One
notes an intense signal where the laser is focused, folowedvieeaker tail on a longer
distance. Sometimes, we have observed several successikg, probably linked to suc-
cessive refocus of the laser pulse. This diagnostic allonsdualize the propagation of
the laser.

The physical meaning of the signal recorded is not obviouse Jignal measure8
depends on the laser intensity) and the electron density(y) (see Eqg. 3.16) (Thomson,
1928). In the case of a very weak intensity, so that the plademsity perturbation is
negligible, the signal depends only on the integral of tiseilantensity along a line of
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Figure 3.31: Example of Thomson scattering image. The laser is focus#ueigradient
of the gas jet density profile and propagates from left totrifrashed line
represents the output of the 3 mm diameter nozzle in the bbackg.

sight.
SO [ 1(y)me(y)dy (3.16)

But in our very non-linear experimental conditions, thecaien density is greatly
modified by the propagation of the laser pulse and the siguasgno longer direct infor-
mation on the laser intensity (Chiron et al., 1996). Foransg, if the laser ponderomotive
force expells all the electrons radially, the cavity in wihgtands the laser pulse doesn’t
contribute to Thomson scattering due to a lack of electrdrer&fore, it's incorrect to try
to estimate the maximal laser intensity or the interactemgth from this diagnostic. In
our experiments, the laser power exceeds the critical péovédaser self-focusind?; and
the laser vector potentiay exceeds unity. This interaction is therefore very nondine
and this diagnostic is mainly used to align the laser beamgaibe center of the nozzle.
The control of the interaction length can be reliably ob¢giby modifying the longitu-
dinal density profile with a second laser pulse (Hsieh e28l06). This leads to a more
accurate estimation of the local accelerating field of tlzespla wave.
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Figure 3.32: Intensity of Thomson scattering divided by the electronsitgnfor sev-
eral electron densities. The signal was integrated aloadrémsverse axis.
Curves were shifted to avoid overlapping. The laser proggmom left to
right.
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However, some trends can be seen as the electron densig.v&ig. 3.32 shows the
integrated Thomson scattering signal for several electensities. Because the amplitude
of these normalized curves is similar, this means that th@midon scattered intensity is
roughly proportional to the electron density as in the Imesse. As the electron density
increases, The emission of radiation starts further todfte For such length~ 0.5 mm),
the properties of the laser doesn'’t significantly evolveduse this length is shorter than
the Rayleigh length (see Table 2.1). The critical power &f-ocusingP. depends on
the electron density, which varies rapidly in the densitgdjent of the gas jet. For this
interaction parameters, self-focusing starts at a giveotedn density. The increase of
the electron density at the center of the nozzle also shié&gpbsition where this critical
density is reached towards the outer part of the nozzle:fBelfsing starts earlier.

3.3.6 Interferometry

Very often, this diagnostic is based on Michelson intenfeeter. But for ultra-short laser
pulses, the length of each arm must be tuned to a precisisthias 10 microns, which can
be difficult. Consequently, a system filling the folowingteria was searched for : sys-
tematic interferences, adjustable interfringe and makintarference amplitude. Sagnac
interferometer fulfills these requirements. The probe beasplit in two arm (labelled
1 and 2 on Fig. 3.28) using a beam splitter and the two puldesvf@xactly the same
optical path but in opposite direction. Interferences arm®mmatic and their amplitude is
100 %. The delay between the two pulses above the nozzle depenthe size of the
ring (2 ns in our experimental conditions). The experimeaswset up so that the inter-
action of the main beam with the plasma takes place betweetwih snapshots of the
plasma from the interferometer. Pulse 1 is the referencecarstes the gas jet before the
main pulse. Pulse 2 reads the plasma density profile afteraiction and contains all the
information about the refractive index. This diagnostiused at 400 nm using a BBO
doubling crystal. We use a filter BG 38 to damp the laser wangtleat 800 nm by 5
orders of magnitude each time and to let the 400 nm go thro&gdiation at 400 nm
goes back to the laser system and are supressed by the ceorpidss allow protection
of the laser system.

Height (Oy)

propagation axis (0z)

Figure 3.33: Interferometry diagnostic : (top) fringe pattern withouataraction, (bot-
tum) interferogram 17 ps after beginning of interaction.eTaser propa-
gates from left to right.
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Fig. 3.33 shows the fringe pattern and and example of inegfam 17 ps after the
beginning of the interaction for another 3 mm diameter nez#fourier analysis leads
to the phase map. A filter is applied to select frequenciesratdhe fundamental wave
numbelrk; of the interferogram. The spectrum is then shifterdy and the inverse Fourier
transform is applied. The low frequency part of the modolatiemains, corresponding
to phase shift by the plasma. This phase spifiepends on the integral of the refractive
indexn(x) along a line of sight.

o= [ (n() - Lkax (3.17)

wherek; is the wave number of the pulses in the spectrometer. For wederdense
plasmas, the refractive index depends on the electron tyeassi

Ne(X)

nx =1- 2nc

(3.18)

Under the assumption of an axi-symmetric density profilaiactbthe laser axis, the
Abel inversion allows the retrieval of the electron dengitgfile ne(r). This last part of
the analysis is very sensitive to noise and initial paramsetéig. 3.34 is the density map
obtained after signal deconvolution. This map shows the &ectron density, those re-
moved from their initial Helium atom during the propagatimfithe main laser beam. The
laser propagates at 1 mm above the output of the nozzle, feémol right. Numerical
noise appears at the border of the image due to the analysesn@iices that density gra-
dients are very sharp longitudinally, and that laser dedesltbeyond focal plane (located
at the entrance of the gas jet). A cut in electron density aitjpm 3200um is drawn on
the right side. The electron density reachescli®'® cm~3, which is in fairly good agree-
ment with independent measurement of atomic density, gi@imaximal electron density
of between 17 and 20 10* cm~3 at this pressure (method described in Ref. (Semushin
and Malka, 2001)). Fluctuation on top of the curve strongdpehd on the analysis and
have no physical meaning. This lineout, taken at the en¢ranthe gas jet, corresponds
to the location where the laser is focused. The width of tihezeed area is around 150n
(FWHM) at this location.

In this section, correlation of the output angle of the etmttbeam with the electron
energy was recorded, arising from an off-axis injectione Bhectron beam is modulated
by the laser pulse at a frequency which appears using OTRtradi The same measure-
ment has also shown that a second electron bunch might bessted also in the next
plasma bucket. The measurement in another spectral winaeates that this electron
beam has temporal structures shorter than 30-50 fs, whigs@n upper limit on the
pulse duration. Finally, the laser itself is strongly maetifiand temporally shortened dur-
ing this interaction down to intense pulses of 10-14 fs. Meag the transmitted laser
intensity, the laser energy which was dumped into the plasenees was estimated to 40
% in our experimental conditions. Two other diagnosticswalio see the laser propagation
: Thomson scattering gives the position where laser ramhas scattered on the plasma
electrons and interferometry diagnostic gives the freeteda density in the plasma, after
the laser pulse has passed.
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Figure 3.34: (Color) Electron density map in the plane containing thedasxis (Oz)
and the vertical axis, 17 ps after beginning of interactil@ft), The laser
pulse propagates from left to right. Transverse lineoutositpn 3200um

(right).



Chapter 4

Applications of laser-based electron
beams

The subject of this thesis also concerns the applicatiortbexe electron sources. The
group Particle Sources by Laser (SPL) promotes applicatidrnich emphasize the origi-
nal properties of this electron sourcgray radiography, radiotherapy, the study of water
radiolysis and the generation of a collimated and energétiay are some examples of
the use of electron beams developed in our laboratory. | ar&ed only on the first
two applications. However, | also present activities legdbther groups. The study of
water radiolysis using ultra-short electron beams is tiseaech topic of Y.A. Gauduel’'s
group and the mechanism of X-ray emission by betatron asiais has been discovered
in laser plasma-interaction by the group of A. Rousse.

Each application emphasizes some properties of the efestrarce. Thg-ray radiog-
raphy with submillimeter resolution requires a small elestsource with low divergence.
Radiotherapy with the electron beam is based on a quasi-emangetic spectrum, with
low divergence and the high energy of the electrons. Forwvatholysis experiments, the
brevity and the collimation of the electron bunch are esakaharacteristics to improve
the temporal resolution of the signal. Finally, the genierabf X-ray flash using the beta-
tron mechanism requires all the assets of this source (eleenergy, collimation, brevity
and charge ...). Here are the results obtained in each field.

4.1 Application to radiography

Electron beams produced with 20 MeV conventional accedesadre difficult to focus to
a spot size smaller than 1 mm due to the emittance of the beain1(298; Haase et al.,
2002). Consequently, thesource, which is the bremstrahlung radiation produced by th
electrons as they slow down in a medium with high atomic nurries a spot size of a
few millimeters. In our experimental conditions, the etentsource size is lower than the
focused size of the laser (38n) and the beam has a low divergence, Consequently, it's
possible to generate a secondary source with small dimessio

High resolution radiography of dense objects having finacstires has allowed to
estimate the size of this secondary source to a few hundifetiscoons. The properties
of the sub-millimetrey-ray source are consistent with Monte-Carlo simulationsn@s
et al., 2004).
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This secondary source is very promising for non-invasivetia of dense material
(Chen et al., 2002) or medical applications (Kainz et alQ40or in field of research
where the transverse size of tixgay source must be reduced. These experiments were
done in collaboration with CEA DAMIe -de-France.

4.1.1 High resolution radiography

Experimental parameters correspond to optimal ones exbeptlectron densityng =
7.5 x 10'® cm~3) which was slightly higher than in previous chapters in orestabi-
lize the properties of the electron beam from shot to shot. awellian-like electron
distribution (exponential decay) with an electron tempaaT = 40 MeV is shown in
Fig. 4.1. When magnets are removed, the transverse doske pafiesponds to a cone of
1° (FWHM) (shown in the inset of Fig. 4.1).
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Figure 4.1: Electron spectrum fitted by a maxwellian distribution of fmratureT =
40 MeV, and dose deposition profile in the scintillator shawinset. The
dashed curve the detection limit.

The experimental setup is shown on Fig. 4.2. The electromhbsaonverted intgy
rays in a 2.5 mm-thick tantalum target, placed at 3 mm fromdéeter of the nozzle.
The bremstrahlung radiation produced during the scatiesinthe electron beam in the
target is used to radiograph a spherical hollow object maderigsten, placed at 220 mm
from the nozzle. On the inner part, an axi-symmetric sindalstructure is etched on the
inner part. These internal structures are shown othe cut of this object on Fig. 4.3.
For the left (right) side respectively, each oscillatiortlod 6 (5) periods of the sinusoidal
curve correspond to a rotation of 113°) and an amplitude of 1.9 mm (2.4 mm). The
mean radius of the sinusoid from the center is 7.85 mm, whiebsga thickness of 0.67
cm of tungsten along the laser axis (line of sight passingudin the center of the object).
For a controlled density of 1864 0.015 g/cn¥, this gives an areal density of 12.1 g&m
along the laser axis. The axis of symmetry is chosen perpalatito the laser axis.

The transmitted radiation is damped by the object and thésctexl on ay camera
composed of a Bismuth-Germanium-Oxide (BGO) scintillatbe surface of which is
imaged onto a CCD camera. The imaging system is composedlaha mirror, an ob-
jective with focal length of 105 mm, an intensifying screem@a CCD with 1300« 1340
pixels. The size of each bar of the BGO crystal (@) in this square matrix with edge
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160 mm limits the resolution of the detector. The scintiltas placed at a distance 1.6 m
from the electron source. This makes a magnification fadt@r3 which corresponds to
a BGO bar size of 8(im in the object plane. This choice of the magnification fada
compromise between a correct spatial resolution and a desasdion level high enough
to be detected on thgecamera. The nozzle-to-object length is chosen large entugh
limit the problem of parallelism which might blur the fine d#$ on the radiography. In
order to limit the noise on the image, electrons are removeah the laser axis using a
magnetic field. This allows a reduction of radiation gereglah material other than tan-
talum (especially in the object itself). An aluminum foil svadded to scatter the electron
beam and improve the contrast of the image. After seveed wiith different thicknesses,
a thickness of 7.5 mm was chosen. Combination of magnetslamdraum foil allows an
efficient reduction of noise generated in the object.

Ta Al Electrons BGO matrix
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Nozzle  Magnets  Object
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Figure 4.2: Experimental setup. Electrons are accelerated duringitlesiction between
the laser pulse and the gas jet and then slown down in theluantarget,
which generateg rays. Electrons are then removed from the laser axis with
an intense magnetic field and an aluminum diffuser. The tnéted radia-
tion intensity is then imaged ontoyacamera.

The experimental radiography obtained is shown on the gt of the 3D cut of the
object on Fig. 4.3. The radiography shown has been corrdotetthe inhomogeneities
(using a radiography without the object) in order to supptée grid of the BGO matrix
and to take into account the emission lobe of ylradiation. All sinusoidal lobes can
clearly be seen. From this image, the radial profile of theci¢an be reconstructed.

4.1.2 Retrieval of the internal profile of the object

This paragraph contains information transmitted by L. LenDa
The retrieval of the radial profile of the object has been dah€EA DAM ile-

de-France with numerical tools developed during J.M. Diistehesis (Dinten, 1990).
This axi-symmetric object is visualized perpendiculartie axis of revolution, which is
adapted for a classical Abel reconstruction (Bracewel§)9 This direct method is too
sensitive to noise (especially close to the symmetry axdsjegularization on the data
is introduced in the reconstruction process to reduce theitéaty to the noise. Non-
physical variation between two neighbor pixels is avoided. 4.4 represents the density
field reconstructed for two kinds of regularization. Thisaastructed profile reproduces
all internal structures. A relatively high level of noisepmars in the center of the object.
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Figure 4.3: (left) 3D cut of the object, revealing the internal struetufright) radiography
of the 20 mm-diameter object. The experimental image has begected
using a reference shot without the object.

Figure 4.4: Radial profile of the object obtained from radiographs in.Eig. The two
images correspond to two different parameters of the regakion process.
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Then, a detection of contour is applied on the image. Theriltgo is described in
the following:

e Localization of zeroes of the Laplacian function calcutiavath local polynomial
approximations on a moving window on the image (Qiu and Bhsgmat, 1996;
Abraham et al., 2006). The validity of contours is given by @asurement of con-
trast.

e Contours are extracted manually by following maximal value
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Figure 4.5: (Color) Internal contour of the object. This representsrius of the con-
tour as function of the angle from the center : (blue) thécaétontour, (red)
retrieved contour.

In order to estimate the quality of the processing, the aante® compared to the
theoretical contour from the manufacturer. Fig. 4.5 shdvesdpen contour reconstructed
from the radiography image and the theoretical contour. nkedo good experimental
data and a reduced blur, the two contours match very wells €kperimental contour is
also represented in green on the image on the right in Fig. 4.4

4.1.3 Estimation of they-ray source size

The high resolution radiography presented above requisgsal secondary source size.
Even if the experiment was not designed to measure inititldysource size, one can
estimate it from radiographs and compare the results to B4Qarlo simulations.

The radiography of an object with sharp edges was done tmatgithe secondary
source size. A 20 mme-thick steel plate in which square holesdalled was used. A
picture of this object is shown in Fig. 4.6. The radiographthe smallest holes is shown
in the right side of the picture. Lines from the manufactgrprocess are also visible.
This image is comparable to images obtained using the kdde ¢echnique to estimate
the source size. The signal was integrated over 5 horizbnés around the central square
on the radiography. The size is computed from using the dtviv of this signal, which
gives a source size of 45015um (FWHM).

This estimation contains several sources of error, which leed to an over-estimation
of the real size.

¢ the intrinsic detector blur~{ 170um in the plane of the object).
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Figure 4.6: (left) Photo of the 20 mm-thick steel plate with square holdse radiograph
corresponds to the circle. (right) Radiography of holeswéngth 1.0, 0.75
and 0.4 mm used to estimate treay source size.

¢ the alignment of the 20 mm thick plate, which must be peryegdrpendicular to
the laser axis, to reproduce a knife edge.

¢ noise on the radiography from electrons which may still gateg-rays in the object
itself.

Whatever, the spatial quality of theray source can be controlled and enhanced by
placing the conversion target closer to the source or byedesing the target thickness or
even by using a more dispersive magnet to avoid using an alumfoil.

Monte-Carlo simulations were carried out to estimate thapprties of the radiation
produced in the conversion target (Glinec et al., 2004).Utions in the article give the
radiation spectrum and allow the estimation of the divecgasf they ray beam to approx-
imately 3 (FWHM). The conversion efficiency of the kinetic energy frohe electrons
in radiation is about 49% in the tantalum target and about 8%hé aluminium target.
Consequently, the contribution of this aluminium foil teetfadiation can be neglected.

This experiment allowed the production of energetic antirnated secondary photon
source, the size of which was estimated to be 436 ym experimentally. The retrieved
radial profile of the object testifies of a high resolutionteé initial radiograph.

For this application a quasi-monoenergetic electron besanot necessary. Actually,
the process of bremstrahlung radiation leads to a broadpapdctrum which is almost
independent of the spectral structures of the electronmb€ansequently, constraints on
the generation of the electron beam are less strict, andtslsbiot stability is improved.
Commercial 100 TW laser systems are compact and afford&eieeral fields of science
might benefit from small and shoytsources. A snaphot of dense objects in motion can
be obtained for aeronautics or defense. Evolution of strestunder constaints and sub-
millimeter cracks detection might have an interest in theidustry.
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4.2 Application to radiotherapy

Currently, 99 % of radiotherapy is done with X ray beams. Hasvethe dose deposition
profile is not the best fitted to this application. Fig. 4.7whdhe depth dose deposited
by different particles. Due to Bragg peak, protons depdeirtenergy at a depth cor-
responding to their energy. These particle are the mosttaddp radiotherapy because
they minimise the dose deposited in safe tissues but theuptioth cost of such beams
prevents from a rapid development. Moreover, the intemsitgulated technique is rather
limited for proton beams due to a slow motion of the heavy gart seductive alternative
is currently under development : proton beams can be pratfroen the interaction of
a laser with a solid target. This is the second research wipice SPL group at LOA.
The study of the adequacy of proton beams from laser-plastaeaction to radiotherapy
has already been published Malka et al. (2004). Such sydtemsfit from a reduced
radioprotection because the proton beam can be producéeé iimgatment room and the
transport of laser radiation up to the patient is cheap. ifayg also increase the speed of
the gantry due to a reduced weight for intensity modulatedgotherapy.
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Figure 4.7: Comparison of the depth dose profile for different particles

However, treatment using photons remains the more frequglettron beams from
conventional accelerators with a modest size adaptedatnient rooms in hospitals have
an output energy of about 20 MeV, which is not adapted to degped tumors (above
10 cm). Feasibility studies for therapy with electron beamth energy 6-25 MeV from
laser-plasma interaction (Kainz et al., 2004; Chiu et 804 showed that these structures
might be an alternative to conventional radiofrequencyebsators.

Recent development in radiotherapy, such as intensity matetbradiotherapy or vol-
ume scan with light ion beams, have significantly improveal ¢cbnformity of the dose
to a volume while sparing organs at risk (Oelfke and Bortf@@03; Lomax, 1999).
When combined with energy modulation, modulation in deptalso possible (Hyodyn-
maa et al., 1996Asell et al., 1997; Ma et al., 2000; Olofsson et al., 2004; Resers
et al., 2000; Yeboah et al., 2002). However, the maximum fpatien depth for elec-
tron beams from conventional electron accelerators antbtheuality of the transverse
penumbra at this energy prevents from their use. These dekglcan be avoided if the
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electron energy is increased above 50 MeV. Under such gondjtthe penetration depth
becomes longer and the transverse penumbra sharper. Opgbsi®@ hand, the longi-
tudinal penumbra is also increased. Assets of high energptrehs (150-250 MeV) for
clinical applications has been recently investigated Qédbet al., 2002; Yeboah and San-
dison, 2002). The authors compare the capabilities of ptesteatment using intensity
modulated radiotherapy for photon, proton and high-enetggtron beams. The conclu-
sions states that best conformity to the volume is obtainegroton beam but covering
rate for electron and photon beams are comparable. Moreelestron beam provides a
better lateral protection of safe tissues compared to pisoto

A detailled study has been published in the range 150 - 250 D®¢Rosiers et al.,
2000). Simulations are performed for various configuratiohthe electron beam from a
conventional accelerator (counter-propagating, perjpeat, ...). In order to fulfill this
study and to show the interest of these compact sourcesdatherapy, | have simu-
lated the dose deposited by a quasi-monoenergetic eleatram from our laser-plasma
accelerator. The dose profile in a water phantom is computeithé electron distribution
presented in Sec. 2.2. The study is carried out for two difiegeometries. On the one
hand, the electron beam is used as it exits the interactiornt.p@n the other hand, the
electrons are refocused onto the target using differentei@goptics to improve the lat-
eral gradient of the dose profile. A discussion is then drawthe applicability of such
beams. These simulations are performed in collaboratidgh @KFZ in Germany and
this study has just been published (Glinec et al., 2006b).

4.2.1 Simulation parameters

Monte Carlo simulations with the cod&ant 4 (et al, 2003) were performed in order to
show the dosimetric properties of this electron beam. Wedssume that the low energy
part of the spectrum can be removed. For instance, one caginmadding a chicane to
stop all low energy electrons. We will focus all the simuat on the high energy peak.
Since electrons are accelerated in a small region with den@s comparable to the laser
waist, we will use a point-like electron source, the energwhbich is distributed along
a Gaussian shape with a width of 40 MeV (FWHM), centered atXIé¥. The initial
angular spread is chosen to be independent of the electemgyeand corresponds to a
Gaussian width of 10 mrad FWHM. A total of 1@lectrons are used in the simulation.
This value is lower than the measured number of electronihwik about 3< 10°. This
choice is a compromise between the time needed to completsitfiulations and the
statistical fluctuations. All output values are normalirath respect to the incident bunch
charge. In order to obtain the dose for a single laser shat, @eds to multiply the
normalized dose (in Gy/nC) by the charge of an electron bif@d&hnC). The following
simulations are performed for a single shot, but our lasstesy can operate at 10 Hz.

In the simulations, the electrons are propagated in vacupiioa water phantom,
even if in practice the electrons will have to travel in thew to the patient. Scattering
in the air was studied in Ref. (DesRosiers et al., 2000). peaps that the beam spread in
air after a propagation over 100 cm corresponds to an angptaad of 5.4 mrad FWHM
for 200 MeV electrons. This value overestimates the sprédowaer distances. If one
assumes that a quadratic sum is representative of the agiorobf the initial divergence
with the spread in the air, we obtain a divergence of 11.4 ratd®0 cm from the electron
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source. This should be compared to the initial divergenfenftad). The conclusion of
the article states that “For beams below 200 MeV, this de#ahould be not greater than
70 cm”. We will neglect scattering in the air in this study.

We have computed the dose deposition profile in this watgetaits thickness was
40 cm and the transverse dimension was chosen to be muchebribaah the transverse
spread of the electron beam. We plotted the dose distributica longitudinal plane
from a 4 cmx 4 cm x 40 cm box, placed on the propagation af@z), and divided in
100x 100x 100 cells. The geometry of the simulation is shown on Fig. 4.8

DSS 40 cm
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Figure 4.8: (Color) Geometry of the simulation.

4.2.2 Direct irradiation

The source to surface distance (SSD) has been set to 4 difistances : 15 cm, 30 cm,
60 cm, 100 cm. In the following, another geometry is discdgS=ec. 4.2.3) , where the
electron beam is refocused using magnetic fields and whitbeweferred as SSB: —30
cm. The physical processes describedsegnt 4 included discrete events (elastic scatter-
ing, photon production, ionization) and continuous endogg (collisional and radiative
stopping powers). The free parameter callatRange was set to 10Qm. It describes the
propagation range of secondary particles, thus requiriageroomputation time for lower
values. The production of neutrons was studied in (DeskRositeal., 2000), where they
conclude that the relative biological effectiveness stidnd increased by a facter 1.03
in order to account for neutron production and radioadtivithis point is not discussed
here.

Dose distribution

Fig. 4.9 shows the isodose curves for this laser-plasmaretesource. For each simu-
lation, the following isodoses are represented : 0.1, 02,0 2, 5, 10, 20, 50 Gy/nC.
The dose distributions show a forward peaked pattern inhdepith a slight broaden-
ing due to the electron scattering. In the first 10 cm of thenpdra, the shape of these
curves strongly depends on the initial electron distridmiti This effect is damped for
larger depths in the phantom, where electron scatterimdsléaa similar dose profile in
all cases. However, even for SSD of 100 cm, these isodosesnagiatively parallel to
the central axis. For instance, the 0.1 Gy/nC curve extepd® 184 cm longitudinally
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SSD [cm] |15 30 60 100 -30 (focused)
Peak dose value [Gy/nG]61 18 4.7 2.0 20

Table 4.1: Dependence of maximum dose with the source to surface destarhe neg-
ative SSD corresponds to a configuration presented in S28 4.

without exceeding 4 cm transversely. The value of the marindose increases as the
SSD decreases, since the energy is concentrated in the efidtie electron bunch im-
pinging into the phantom, as seen in Table 4.1. Multipletsdaig collisions occur during
the electron propagation, explaining why the energy igithsted further laterally as the
depth increases.
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Figure 4.9: Isodose curves for different levels : 0.1, 0.2, 0.5, 1, 2,(,20, 50 Gy/nC.
The distance from source to surface is : a) 15 cm, b) 30 cm, cjrg@) 100
cm. The two axis are on a different scale.

Longitudinal and transverse dose profiles

The depth dose distribution integrated over the transweireetion is shown in Fig. 4.10.
This curve is the same for all simulations presented heneesihe angular distribution
and the spectrum remain unchanged. It represents the laoiiggd profile that would be
obtained if a series of shots with small separation (contp&vethe transverse profile)
irradiates the whole area to be treated. This curve has allpeak around 20 cm from
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the entrance. For a deep seated tumor (20 cm for instanceléttron beam provides a
better sparing of tissues at risk when compared to convealtjghoton beams, for which
the depth dose peak is located in the first 5 centimeters. diheat of the central energy
of this electron beam would allow to fit the position of the lpedth the depth of the
tumor. This peak is the consequence of several factors :

¢ the collisional stopping power for electron in water ingea dramatically at low
energy

e the secondary particles are emitted mainly in the forwardadion and they will
deposit their energy deeper in the medium

¢ the electron flow becomes less laminar as the depth incre@se®lectron track be-
comes curved and looses directionality at large depths;siwinicreases the energy
deposited at a given depth.

Due to an electron range larger than the thickness of therwhttom, one should obtain
a dose signal over the whole depth of the phantom.

1.0

0.9;
0.8;
0.7;
0.6;
0.5;
0.4;
0.3;
02-

Normalized depth dose

0.1

0.0 L I O
0 4 8 12 16 20 24 28 32 36 ¢

Figure 4.10: Integrated depth dose curve.

Fig. 4.11 shows the central-axis dose and the transverdgepad 10 cm depth for
different SSD. Because of the lateral scattering, the elastdiverge from the central
axis of the pencil beam, which explains the decreasing dosigon central axis of
Fig. 4.11a. Then, Coulomb scattering is mainly respongdaiéhe quasi-Gaussian shape
of the lateral profiles. The values of the lateral spread abua depths are given in Table
4.2. In this section, the lateral spread is defined as thalrdditance between 90% and
20% of the maximum dose at a given depth, for a single shotwitléh of the transverse
profiles increases with depth and also with the SSD. Thidreleteam can deliver a high
dose with sharp penumbra deep inside the tissues.

The values in Table 4.2 are difficult to compare with the stoflipesRosierst al,
where their simulations use larger irradiation fields. Téxplains why we avoid using
the term “penumbra” in this section, and prefer the word ésl”. We will introduce
in Sec. 4.2.4 the numerical factor needed to simulate thampbra width for a laterally
broader irradiation field.
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Figure 4.11: Dose profiles for all simulations : a) longitudinal along pagation axis, b)
transverse at 10 cm depth for different source to surfadamtes.

SSD [cm] | 15 30 60 100 -30 (focused)
Longitudinal Distance [cm]

Rooos 14 21 26 3.1 4.3

Rogos 6.8 9.8 16 18 11
Transverse Spread [cm]

atz=1cm 0.10 0.18 0.36 0.57 0.17
atz=5cm 0.16 0.23 0.40 0.63 0.18
atz=10 cm 0.36 0.41 0.53 0.73 0.35
atz=15cm 0.65 0.67 0.77 0.97 0.61

Table 4.2: Longitudinal distance and transverse spread for a single gy, andRygus
represent depths of 90% and 20% of the maximum dose resplgcalong the
central axis. The transverse spread is defined as the ragiahde between
90% and 20% of the maximum dose at a given depth. The nega8® D
corresponds to a geometry discussed in Sec. 4.2.3. Theswriki centimeter.
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As the distance to the water phantom increases, the irdti@td! spread increases. In
practice, the scale of the gantry, the shielding from racinefrom the laser-plasma inter-
action point prevents from using short SSD. It would be ie$éing to study a modified
electron distribution which would give similar or even legttlose deposition profiles for
larger distances from the laser-plasma interaction pdilsing a magnetic system (typi-
cally a quadrupole triplet), itis possible to refocus arcelen beam further. We will study
this point in the next section.

4.2.3 Converging electron beam

One assumes that a compact magnetic field is applied on tttecgidoeam in order to re-
focus it further. A cartoon with necessary items is shown gn4.12. In such conditions,
the low-energy electrons can be removed with a compact 2@oogh+nonochromator
(optional), the electron beam can be refocused with a 20amg-fuadrupole triplet and
shielding can be added around the interaction point. A monmepgact system which com-
bines the monochromator and the focusing system has albestypresented for a proton
beam (Fourkal et al., 2003). This idea can be extended ttretec The geometry of this
system won't be discussed here. The laser propagates ug taténaction point. Danger-
ous radiations are produced after the interaction, whicamaehat shielding is necessary
starting from this place. This system has to be small in otddit in a treatment room.
The geometry of the radioprotection won't be discussed k#her. The studies carried
out in the previous section are still valid if the electrombels refocused outside the water
volume. But now, it's also possible to focus inside the pbanmt

Shielding Quadrupole
triplet

Target

Nozzle
Chamber under vacuum  Monochromator

<lm

Figure 4.12: Drawing of a monoenergetic laser-plasma accelerator. d$ey lis focused
using an off-axis parabolic mirror in a gas jet to accelegextrons. The
electron beam is filtered (by a monochromator) and refocyssihg a
quadrupole triplet) outside the chamber under vaccum.

The spectral width of the electron distribution leads toochatic aberrations when is
is refocused, i.e. electrons with different energies wbe'tefocused at the same distance.
First, it is possible to decrease the spectral width withrtftemochromator. Second, the
spectral width might be narrower because the measuremiemitied by the spectrometer
resolution. We have measured other spectra even narroeerHig. 2.8). In this last
simulation presented here, one neglects the chromaticadtmer which depend on the
geometry of the magnetic system used. An achromatic magsyettem has already been
studied (Raischel, 2001). The electron beam is set to refacpositiorz = 30 cm without
phantom. The magnification factor is -1, which means thastraial distribution at the
surface of the phantom is the same as in the diverging 30 cen & electron beam still
propagate in vacuum.
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Figure 4.13: Isodoses for the electron beam focused at positien30 cm in a water
target with divergence of 10 mrad (FWHM). The two axes arearothe
same scale.

As expected, the maximal dose is higher when electrons freuged in the target (20
Gy/nC in Table 4.1). The position of this maximum is now sifto 2.9 cm inside the
phantom. The dose deposition at this depth is now higherithére diverging case (14
Gy/nC at 2.9 cm). Figure 4.11a shows the dose along the ¢@xisaof this simulation.
One notes that the two curves start at the same level. Ovdirghé cm, the focusing
effect is balanced by the scattering. The electron flux isevamncentrated along the
axis, as shown in Table 4.2. Consequently, the dose aloncgttteal axis doesn't fall as
fast as in the diverging case, but rather shows a peak in diepkte phantom. Actually,
the longitudinal and transverse dose distributions arelaino values obtained in the
diverging case for an SSD of 15 cm.

In this configuration, the transverse gradient length ee®klower than in the diverg-
ing 30 cm case (see Table. 4.2) and the isodoses remaingbéoathe central axis during
the first 6 cm (compare Fig. 4.13 and Fig. 4.9b). This allow @ebecontrol of the ex-
posure of tissues at risk in the neighborhood of the arearumeatment. The angular
distribution mainly affects the shape of the isodoses. Teeeof the initial divergence is
damped after a short propagation in the medium. This saagtafso reduces the impact
of chromatic aberrations.

4.2.4 Discussion

Regarding the use of one single electron bunch, the focusditige electron bunch would
be useful for stereotactic radiosurgery of subcentimééstons, such as cerebral arteri-
ovenous malformations or metastasis, located at deptled ths10 cm, since the energy
deposition is concentrated very locally around the cematxéd of the spot.

From the results presented above for a single bunch of elegtit is possible to
study the adequacy of the dose distribution for laterallyaoier irradiation fields, more
likely to be applied for clinical use. In the following, wesdiuss the potential of VHE
laser-accelerated electrons scanned laterally in ordewiate larger fields. Simulations
showing multi-beam configuration will be presented elsaeh&he aim is to achieve high
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homogeneous dose profiles in the target volume and steeegtaat the field edges in
order to spare normal tissues and organs at risk, i.e. ndat@ral penumbrae are needed
in depth. We recall that for one single bunch of electrongsipaussian lateral dose
profiles were found, with standard deviation at a given dejghotedo. This standard
deviation is obtained from Table 4.2 by dividing the transeespread by 1.33 . This
implies that in order to achieve homogeneous lateral dosigs at that depth, we have
to assume that

¢ the interval between the spots is lower thandhaf the dose kernels

e the lateral extent of the field should exceed 3.5 timesstbéthe dose kernels.

Under these conditions, a lateral electronic equilibridamng the central axis of the beam
can be achieved, and a high dose can be homogeneously apydiethe lateral extent of
the target volume.

Since theo of the electron dose kernel increases with depth, the shiajhe @entral
axis dose distribution is expected to be strongly dependerthe size of the field. In
particular one should expect the dose along the centrataxisop faster at larger depths
for decreasing field sizes. This effect can be observed istidy of DesRosierst al for
1 cm and 5 cm field radii.

One can estimate, for a given depth, the size of the field sacg$o achieve a flat lat-
eral dose profile and also the width of the corresponding 20%-lateral penumbra. This
penumbra, corresponding to the convolution of this gaasdistribution with a heaviside
function (to reproduce the semi-infinite irradiation figlt) obtained by multiplying by
the convolution factor 2.12 . We find@ of about 0.31 cm for a SSD of 30 cm, at 10
cm depth, which would lead to a width of the lateral penumbrabmut 0.65 cm, pro-
vided that the field size exceeds 1.1 cm radius. These egtimsadre in agreement with
the results of DesRosiert al, although their study was performed for VHE electrons
having a narrower initial energy spread than our expericdmam. They obtained, for
instance, a lateral penumbra of 0.69 cm at 10 cm depth usi@dgve/ electrons. This
analysis shows that one should expect for the dose distrimitesulting from scanned
VHE laser-accelerated electron beams lateral penumbrasewvidths are in the same
order of magnitude than those from 15 MV photon beams.

Here is an estimation of the treatment speed. For a 5xcBicm irradiation field,
this makes a total of 256 positions on a grid with a distanc®.81L cm between two
consecutive shots. Provided that the accelerated chargelused to deliver every shot
the required dose established from the treatment plannmypgcélly 1.8 - 2.2 Gy), the
irradiation would last 26 seconds. The tuning of the doseodigipn can be operated
by selecting more or less electrons in the monochromatoy @djusting the interaction
parameters.

The dose deposition profile fora SSD of 100 cm is also interg$tom a clinical point
of view : it provides an important dose deep in the volume (InGY, with a moderate
energy deposition at the entrance of the phantom (max of 2@y/These values are
closer to the requirements of radiotherapy. The distant@d®n two consecutive shots
becomes largei(= 0.55 cm), which makes the treatment faster, but the lateralpdma
for a semi-infinite irradiation field also becomes large2(tm at 10 cm depth). This
configuration is adapted if there is no sensitive tissue éwilsinity of the region under
treatment.



106 Chapter 4. Applications of laser-based electron beams

The same analysis can be performed for the focused elecekamb The main dif-
ference is that the width of the lateral dose distributiansignificantly decreased at 10
cm depth. In order to get an homogeneous dose coverage afrtior target volume by
scanning, the interval between the beam spots needs to beacd:dHowever the big ad-
vantage is that increased lateral gradients are obtainbe &ield edges. In particular one
would get a lateral penumbra of 0.55 cm for the scanning ofdbhased electron bunch
in comparison to 0.65 cm for the unfocused one.

An important point of discussion is the large dose rate @edd by one single bunch
of VHE laser-accelerated electrons. For instance, in tibadmg 30 cm case we have a
maximum dose of 10 Gy in a single laser shot (20 Gy/nC and 0/Shtf). The values
obtained for a single shot are far above the conventionad dpgplied during a treatment
(typically 1.8 to 2.0 Gy). However, it is possible to contanld reduce the number of
accelerated electrons by adjusting the interaction paems@aser energy, pulse duration,
electron density, ...), as shown in Chapter 2. For instabgegjecreasing the electron
density to 3x 108 cm~3, we were able to produce a VHE electron beam having a similar
spectral quality but with a ten times lower charge. The nt@sel prevented detection of
lower charge at even lower electron densities. The maircditly that remains concerns
the stability of the electron beam from shot to shot. Thiséss being studied currently
by all research groups working in this field. Because the fiyes very high, additional
studies are necessary to determine if biological effegedds on the bunch duration.

Therefore, we believe that VHE electron beams produced sgriplasma interac-
tion could have a clinical potential, at least for similadications as those treated by
high-energy conventional photons. Further studies aresntly in progress to extend
the present dosimetric study and to investigate in detailf@asibility of scanned VHE
laser-accelerated electrons for intensity-modulatedhtemh therapy.

In practice, the fast evolution of laser technology leada teduction of the size and
cost of the laser system. The safety is also increased bedaaitaser light can propagate
from the laser facility up to the interaction point withoweding any shielding, which will
be located mainly after the interaction point. One may alsoipulate the electron beam,
filter it and refocus it, with a magnetic field to improve thesdadeposition properties.
This compact laser system is expected to be of interest wienwverall dimensions are
restricted by the room volume. Since the electron beam time¢ollows the laser prop-
agation axis, the point scanning technique can be achieyaddving the final focusing
optics and the nozzle (in a gantry).

Since this electron source is pulsed, the radiotherapydcbelcombined with a de-
tection of motion in tissues, to improve the quality of thgpegure. Many studies are
currently being done in the field of adaptive radiotherapy.

4.3 Application to femtolysist

The interaction of an electron beam with matter induces owdér damage often irre-
versible. Thus, the irreversible effects of ionizing radia were the main topic of the
previous section, dedicated to destruction of cancerolls. c®uring their interaction
with biological media, the ionizing radiation (photon orpees) induce early physico-

Lcontraction ofFemtosecond radilysis
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chemical transformations. These ultra-fast radical esjemhich take place on a very short
time (1014 —10-10s), are responsible for molecular, cell or tissue damagssrebd on
long time scales (second, day, month). The understanditiges€ radical events requires
spectroscopic studies with an ultra-high temporal resmufGauduel and Rossky, 1994;
Gauduel et al., 2000).

With FWHM of 3 to 10 ps (Kozawa et al., 1999; Wishart, 2001;|Bei et al., 2005),
the temporal characteristics of pulsed electron sourdesireed by conventional linear
accelerators (Linac), are a real limitation to the study lbfaufast radical events. New
opportunities appear with electrons beams produced dlas®y-plasma interaction and
which provide electron bunches shorter than 100 fs. Theystudeal-time of radical
events induced by by the interaction of relativistic paescwith media of biological in-
terest becomes accessible. The knowledge acquired dingnigst years in radical fem-
tochemistry of low energy (j 10 eV) in liquid phase (Gauduebk, 1998, 2000) are
essential to start femtochemistry of high energyNlieV). The project Water Femtolysis,
the solvent of life, which is developed at LOA, aims at thiiéeunderstanding.

The initial work has began before | started my PhD. Howevprekent a brief sum-
mary of some results (Gauduel et al., 2004; Brozek-Pluskad. e2005) which concern
the development of high-energy femtochemistry in liquicigd, when using an electron
beam from a TW laser.

For a better understanding of early damages induced byimaniadiation on water
molecules, time-resolved absorption spectra have bearded. One of the goals is
to understand the coupling between secondary electroniguid Ihole induced in the
formation of the OH radical and the hydronium ion (hydratedtpn). Due to a high
oxidizing potential, the OH radical has a major role in rddadogy, radiotherapy and
radio-induced cell destruction.

The experimental setup is shown on Fig. 4.14. An off-axispalic mirror(a) with
focal length of 30 cm was used to generate and electron sevitibeenergies below 15
MeV (b) in a gas jet with electron densityxd10'° cm~3. The spectruntc) is represented
by a maxwellian distribution of temperature54t 0.5 MeV. In order to reduce the direct
influence of the laser beam and in order to limit the pertudoesf the liquid medium by
low energy electrons (j 2 MeV), a 1 mm-thick copper f@l) was inserted between the
electron source and the water targeit The angular distribution of the electron beam was
recorded separately on a stack of radiochromic films, spagexpper foil to slow down
electrons and to select the energy range recorded by easttigeradiochromic film.

An infrared probe of duration 30 fs, centered at 820 nm andnlgaspectral width
of 40 nm (FWHM) allows the analysis of s-p transition of sedany electrons removed
from their water molecule by relativistic electrons, anatslized by interaction with these
molecules. The hydrated electron with a configuration oketgp represents the most
reducing potential elementary radical of the water moleculhe understanding of its
early coupling with the OH radical and the hydronium iogQ* is studied in the frame
of the Femtolysis project.

The intensity of the probe pulse was below @ cn12 in order to neglect the direct
excitation of the medium. The signal was measured on a higiamycal range CCD
camera (16 bits)f). A delay line allows a precise control of the delay between th
electron bunch and the absorption signal. Another advargalgiser-plasma interaction is
the perfect synchronisation of the excitation by the etettveam and the optical reading
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Figure 4.14: (Color) experimental setup for the radiolysis experimerithe electron
beam excites water molecules at 294 K. The variation in asor of a
30-fs long laser pulse is measured on a high dynamic-rande €nera.
The delay between excitation and optical reading is cdetidby a delay
line.

by the infrared probe. The absorption signal is represeotedrig. 4.15. This curve
is obtained by comparing the measured signal with and withoielectrons along the
line of sight intercepted by one pixel. One obtains an aligmrsignal which reaches a
maximum 3.5 ps after the excitation and which decays on lotge scales.
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Figure 4.15: Absorption signal for different position of the delay linEach dot corre-
sponds to an average over several shots.

The analysis of this signal is rather complex because thiga¢dan and the measure-
ment are done along perpendicular axis. It means that efecttontinue propagating
while reading the absorption signal. Thus, the measuretbsapntains the individual ab-
sorption response taken at different times. One measutesllydhe convolution between
the unique sample and the response functions of the expetahgetup. After estimat-
ing the global convolution functions of the electron beard #re measurement itself, the
absorption signal for a single sample after its excitat®abtained by deconvolution.
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The amplitude of the absorption signal gives the averagsityeof solvated electrons
produced. The primary radiolytic yieIGegyd has been estimated to86t 0.5 molecules
/ 100 eV at time 3.5 ps (Brozek-Pluska et al., 2005). Thisdyiglexpressed per unit of
dose, which is estimated to bt 1 Gy on the axis by Monte-Carlo method. The authors
insist on the fact that this yield is higher than the preditsi from stochastic models of
water radiolysis (Pimblott and La Verne, 1998; Muroya et 2002) for which data are
extrapolated from much longer time scales. Quantum systewodéved on such short
time scales are more complex than those used up to now toiloesice evolution of this
elementary radical.

These preliminary experimental data show that these numserganescent quantum
systems have to be taken into account to reproduce the dlmsogurves at short inter-
action times. The ionization trajectories of the water roales leading to hydration of
secondary electrons and the generation of OH radicals ulseftadiotherapy occurs in
spurs during the prethermal regime (03— 1012 s).

Complementary studies are necessary to confirm the valugbtbk free parameters
in such systems. However, the innovative aspects of the dtgs project for radio-
biology and its potential applications in radiotherapy e results of synergy between
experiments in high-energy femtochemistry and spatioptaal predictions in ionization
spurs obtained using numerical simulations based on qoeciemistry methods.

4.4  Application to the generation of X-ray radiation (be-
tatron mechanism)

The laser-plasma accelerator can be used to generate almodd collimated and en-
ergetic X-ray source. The generation of this radiation isdabon the oscillations of the
electron bunch around the central axis of the ionic charanegted by the laser. In other
words, electrons undergoing an acceleration will emitatidn (Jackson, 1925). The
electric fields that bend the electron trajectory are smisgehat this radiation extends to
the X-ray domain (a few keV, subnanometer wavelength). ihpoit that in section 3.1,

we have studied the oscillations of the isocenter of thet@ledeam. Even without such
oscillations of the center, individual oscillations of thlectrons still exist.

The mechanism responsible for the generation of the sytrciroadiation has been
studied for laser-plasma interaction (Whittum et al., ;988arey et al., 2002; Kiselev
et al., 2004). This radiation has been measured at Labogadd®ptique Appliquée by
A. Rousse’s team (Rousse et al., 2004; Ta Phuoc et al., 200Bis X-ray source is
different from other existing sources : the generation ghtorder harmonics is limited to
wavelength of the order of 10 nm. The generation of radialiging K-a sources allows to
reach subnanometric wavelengths, but their emission edoulit steradians which limits
its application.

The experimental setup is shown on figure 4.16. After theaateon, electron trajec-
tories are bent using a magnetic field (0.3 T over a length @2 A beryllium filter cut
radiation below 1 keV. The radiation profile is measuredatlyeon axis by an X-ray CCD
camera, placed at 50 cm from the interaction point. The feitgiof this camera limits
the observation of X-rays to energies below 10 keV. The dieece of the radiation is
estimated to 50 mrad (FWHM) in this spectral range. The taahapectrum is estimated



110 Chapter 4. Applications of laser-based electron beams

Electrons
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Figure 4.16: Experimental setup for the measurement of X-ray created diation
mechanism.

by inserting different filters in front of the CCD. Measuremi& have been done with 25
um beryllium (1-10 keV), and adding either 4@n-thick aluminium filter (4-10 keV) or
a 25um-thick copper filter (6-10 keV). This is represented on fegdrl7. Taking into
account the spectral shape, the authors estimate the napleotons to exceed $@er
shot, per steradian and in 0.1% bandwidth. This value cpomds to the optimal electron
density for the generation of synchrotron radiation, whighe = 10*° cm=3 in 3 mm of
helium gas. This optimum is correlated to the quality of thee®on source. Below this
density, the number of electrons drops fast, which alsordases the X-ray signal. For
higher electron densities, the X-ray signal also drops beedhe electron beam quality
degrades : the number of electron at high energy decre&sediviergence of the electron
beam increases.

0.14 i

Number of photons [x1® /shot/sr/0.1%BW]

1 2 3 4 5 6 7 8 9 10
Energy [keV]

Figure 4.17: X-ray spectrum using different filters.

In conventional structures, this radiation is generateémitie electron beam passes
though an undulator, composed of magnets with alternatleripy. But the forces which
act on the electron beam in laser-plasma interaction ardigiher than the forces from
the magnets. Thus, the oscillation wavelength is shortéitlaa X-ray emission spectrum
extends towards higher energies. The compactness of satdnsys an asset. The num-
ber of photons also depends on the number of oscillationsdarstructure and a longer
interaction length might be necessary to increase thesitieaf the radiation.

Such a source can be used for time-resolved X-ray diffractiperiments, for absorp-
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tion experiments and X-ray spectroscopy experiments. Bleefithis electron source for
coherent amplification of X-ray radiation (XFEL) is currgnbeing investigated. Finally,
the generation of X-ray radiation by Thomson scattering @e@ond laser pulse is also
being studied in the laboratory.






Conclusion and perspectives

Conclusion

The interaction of an ultra-intense and ultra-short lagds¢ with a gas jet allows the
production of an electron beam with original properties. @&ljusting the parameters of
the interaction, a quasi-monoenergetic electron beam &as bbtained experimentally
after an acceleration length of 3 mm. This beam is energetlimated and with a

short initial duration. The charge contained in the buncahisut a hundred of pC. The
detailed dependency of the properties of the electron bedmimteraction parameters
has revealed the important role of self-focusing effects polse shortening. Particle
simulations show that these processes leads to the cre#Ht@mcavity behind the laser
pulse, where the acceleration takes place. Electrons#tegoped have similar injection
properties and undergo the accelerating field of the plasawewithout being disturbed
by the transverse electric field of the laser. In such coongiof interaction, the electron
beam obtained is quasi monoenergetic.

These properties have been obtained is a narrow range ahptees. For laser pa-
rameters, the lengthening of the laser pulse makes the@dotam immediately vanish.
The decrease of the laser energy shows that the electroitydbas to be increased to
recover the electron beam. The modification of the apertitiesofocusing optics reveals
that the electron beam is less energetic when the lasehiytipcused. Numerical stud-
ies are currently being done to explain this trend. For plparameters, the increase of
the electron density breaks the spatial quality of the ed@cbeam. It becomes polyen-
ergetic, with a maxwellian spectrum and a larger divergeddower density, we have
also obtained a quasi-monoenergetic spectrum but the elolaogps quickly. Statistics of
the electron beam were also shown to reveal the difficultyotaio quasi-monoenergetic
spectra in a reproducible way.

Finer structures of the electron beam have been observenheangreted using phys-
ical models. The electron beam has structures at the lasaslevegth and at the plasma
wavelength which have been observed using coherent emis$i@diation at a metal-
vacuum interface. Independently, a correlation betweerothliput angle and the electron
energy has been measured and attributed to betatron @iscilthuring the propagation of
the beam. Finally, the properties of the transmitted laseelalso been measured. Us-
ing a single shot autocorrelator, we have shown a tempoaatesting of the laser pulse,
signatures of non-linearities in the propagation of thespulThis interaction gives not
only an electron beam with unique properties but also a veoytdaser pulse (10-14 fs)
after being filtered by the plasma. No other method is knowtriygenerate such short
laser pulses containing such a large energy (efficiency &)20 he measurement of the
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transmitted laser energy allows the estimation of the ioacdf energy transmitted to the
plasma waves as function of the electron density.

The electron spectrometer developed and used during #ssstis described in detalil.
Analytical formulas are summarized and the expressionHerdispersion has been used
to build two new spectrometers, the resolution of which atepted to higher electron
energies for future experiments. Two independent methass been used to determine
the amplitude of the spectrum. The first one is based on thmal@ation to the charge
measured by an integrating current transformer. The segoads the absolute calibration
of the scintillator. The efficiency of the scintillator is texpolated from measurements
done on a conventional pulsed accelerator. Results olotaiitke these two methods differ
and the mismatch is finally attributed to a parasited sigmahfthe ICT despite numerous
test to get rid of electromagnetic noise.

These electron beams are currently produced by laser sgstenking at high repeti-
tion rate (10 Hz), which is an asset for applications. Withgemt technological evolution,
a 100 TW laser system is affordable (a few millions euros) stmould allow to reach 1
GeV. Industrials also develop compact laser systems adiapteniversity labs or hospi-
tals. In order to promote the properties of this source, tioeg Particle Sources by Laser
has always looked for new applications.

A y-ray radiography experiment has been carried out in cofkiomn with the team
from CEA DAM lle-de-France. This non-destructive inspection apprdsah allowed
the visualization of small-scale details and the rescanstin of the radial profile of
the object. Thanks to submillimetric resolution of this @edary radiation source, high
guality images have been obtained.

The dose deposition of a quasi monoenergetic electron beamater volume has
been simulated using Monte-Carlo technique to show thedste of such a source for
radiotherapy. During this collaboration with the team fr@KFZ, we have shown that
such a treatment could compete with those done by convaitieahniques. Contrary
to previous studies on laser-plasma interaction, the abigldose is now adapted to the
treatment which leads to a reasonable treatment time.

The application of short electron sources to water radis|ygerfectly synchronized
with the probe beam for the measurement, allows to probeisodgcond time scales,
which is not accessible with classical methods.

Finally, betatron oscillations performed by the electraming their acceleration also
generates an energetic, collimated X-ray flash adaptedftaction or absorption studies.

Perspectives

It has been shown that the electron beam produced has a taghlsmd spectral quality.
The charge density is high and the repetition rate is usefuapplications. The appli-
cations developed during this thesis aim at showing thevaelee of this source directly
in medicine for new treatments. For this, dose simulatiosm#gehbeen performed. The
following part of this study should be the exposure of a pbanto visualize this dose
deposition profile. For biology and short time scales ferh&uistry, the significant im-
provement of the divergence of the electron beam leads tdtarliemporal resolution
for the femtochemistry experiment. A new experimental caigip should emphasize the
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importance of transient quantum states. This study of tiaweur of matter irradiated
by ultra-short dense energy deposition is a new field and I@minced that this acceler-
ator will be a precious tool for many studies in this field. Mover, this primary electron
source can be used to generate secongaay sources for non-destructive inspection of
dense objects and the high-resolution visualization inimdwstry or also the motion of
fast objects in aeronautics In the X-ray domain, the odmifes of the electron beam pro-
duce a broad-band, intense, collimated and short X-rayataai which will be used in
absorption experiments and time-resolved spectroscogurements. Then, studies are
carried out to inject this electron beam inside classicaulators to amplify coherently
the X-ray radiation (XFEL).

Developments are being done to increase and stabilize #rgyeaf the electrons. Two
methods exist to increase the electron energy : either nagalating this acceleration
regime to even higher laser intensities and energies, ongelr acceleration lengths, or by
injecting this first quasi monoenergetic electron bunch antinear accelerating structure
(acceleration in two stages). The guiding of laser pulseslmaused to increase the
interaction length.

In addition to the increase of the electron energy beyond\t, &éorts must also be
done to stabilize the beam. The acceleration in a lineaesaigws a direct control of
the average energy of the electrons and the spectral widtreddistribution. Studies are
performed to enhance the control of the electron injectibhe electron beam obtained
during this thesis has the required properties as an injedtbas to be ultra-short, so that
all electrons experience the same accelerating field, it uhelszer an important charge
and its must have good spatial (spatial) and spectral (monazaticity to transport of
the second stage) qualities. Then, the use of a second cquapagating laser can also
control the injection time in the plasma wave initially belthe wavebreaking limit.

Our experimental conditions were very close to this tramsivhere quasi-monoenergetic
structures appear and this interaction can naturally l&talbabove this threshold. Some
theoreticians call this an asymptotic convergence towhiglser intensities (Gordienko
and Pukhov, 2005). Current laser developments also leadte stable systems, which
should decrease shot-to-shot fluctuations linked to noeali mechanisms and therefore
to initial fluctuations of the interaction. This initial $dbcusing section in the density
gradient of the gas jet is crucial and requires additionadists.

The large number of petawatt-class laser systems currbathg built all around the
world are evidence of this international competition. Bigjpcts are currently being built
in Europe, in the field of laser-plasma interaction at veghhintensity among which | can
cite those in which Laboratoire d’Optique Appliquée isaixed : the project Propulse,
consortium of research laboratories, companies and plysicaims at the production of
high-energy protons for medical applications. The propEEL (acronym for X Free
Electron Laser) wants to produce intense coherent X-raitiath with an electron beam.
Finally, the project ELI (acronym for Extreme Light Infragtture), lead by our director
Gérard Mourou, will be a large-scale infrastructure to redd the need for more pow-
erful systems for many research topics concerning lasesrpé interaction at ultra high
intensity.






Appendix A

Betatron oscillation model

This appendix contains an analytic model describing thathst oscillations of a rela-
tivistic electron also undergoing a constant longitudioate.

A.1 Analytical equations

Here are the equations of motion for a relativistic eleciroa constant longitudinal field
and a linear radial restoring force (which leads to osddiat) (see Fig. A.1).

Assumptions of the model are :

e The acceleration length is much less than the dephasingh¢mgorder to consider
a constant accelerating field).

e The electron is injected at radiug, with an initial energyyomc?, and an initial
velocity parallel to the propagation axis.

e One considers small oscillation angles (paraxial apprexion)v, < V,.

initial velocity

Accelerating force

Restyring force
0.0 +-\----f-------%-- g roree NG -

Propagatioh axis

Radius [au]

L L A B
00 01 02 03 04 05 06 07 08 09 10
position Z [au]

Figure A.1: Example of trajectory for an electron undergoing a lineatiabrestoring
force and a constant longitudinal accelerating force.
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The electron undergoes a forEe
. mude
F=eE& — > ré (A.1)

In order to simplify, | set; > 0 to avoid any confusion in the final equations. The
equation of motion for a relativistic electron in this fiekl i

d L
gty =F (A.2)
One projects this equation along the two axis
d e
a(Wz) = EEZ (A.3)
d Wle
a(Wr) =T (A.4)
The first equation A.3, describes the energy gain in the ecathg field
e
Wz — YoV = aEzt (A.5)
Using the assumption of small oscillation angles, onevhas3c, which gives
ek B
The second equation in the system A.4 contains all the peydithe oscillations
d : _ w3
&(Wr):Wr +Wr :_%er (A7)

Introducing a new variabld = u)%e/z, equation A.7 can be rewritten as follow :
(at+b)i+ar+dr=0 (A.8)

The solution of such a differential equation is not trivigbrr(0) =rg andr(0) =0
the solution is :

() =T adbro (3 (2v/db/a) Yo (2/d(b+ at)/a)
—Y1<2\/%/a> Jo(z\/M/aﬂ (A.9)

whereJp andJ; are Bessel functions of the first kind of order 0 and 1 respeltiYy and
Y; are the Bessel function of second kind of order 0 and 1 reiadet

Using the approximation of small angles, one Bas v; /v, =~ v, /c. Then, the angle
relative to the propagation axis is

0(0) = - "0 10 (3 (2vbja) v1 (2/ab av) )
Y1 (N%/a) WA (ZW /aﬂ (A.10)
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Using the physical variables and using Eg. A.6, this becomes

vy (@m) X (? zw)} (A11)

E;
T
whereEg = mawpe/€ andfy = Tpero
One can try to simplify this equation by adding additionaasptions. If one assumes
that/2yoBoEo/E; > 1, then one can use the following equivalents

Jo(x) — @ sin(x-+ 1/4)
RH(x) — \/% sin(x— 1/4)
Yo(x) — —\/% CoSX+T1/4)
Ya(x) — — \/% cogx— 11/4)

60 (YoBo)¥* . [Eo
B, (t) = —FWsm {Ez (\/ﬁ— \/2yoso)} (A.12)

Equation A.12 shows that the amplitude of the oscillatioesrdases because of the
acceleration to relativistic energies. Here, the equabiomotion is described by three
parameters : the amplitude of the oscillations (controllgdy), the frequency of the
oscillations (controlled bye;) and the phase of the oscillations (linked to the injection
energyyo).

Without accelerating electric fielde¢ = 0), one obtains the usual equation of oscil-
lation with frequencywg = Wpe/+/2YoBo, Which is commonly used to describe betatron
oscillations.

A.2 Optimisation of parameters

In this section, we use Figure 3.1 from section 3.1.

The injection energy can be estimated using simple argulsnémthe bubble regime,
the injection is localised at the back of the bubble. If orfensto the separatrix introduced
in Sec 1.2.3, one sees that the injection energy to enterdparatrix is equal to the
Lorentz factor associated to the plasma wayg== yp, ~ wo/wp. The electron has to travel
longitudinally at the speed of the plasma wave to be trappaztent studies (Lu et al.,
2006b) have also taken into account the speed of erosioredasler, which decreases its
group velocity and therefore the velocity of the plasma w&vensequently, the injection

energy becomes :
o

Yo = V3,

(A.13)
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For an electron density af. = 6 x 108 cm~3, one obtaingp ~ 9.5. There remain
two parameters 8 andE;.

Let’s justify now the assumption made to simplify the asyatigtexpressions of the
Bessel functions. Here is a fast estimation for an electald fie; of 100 GV/m and
a plasma frequency of.4 x 10 rad/s. Then,%\/ZVOBo gives 10.4, which holds the

assumptior%\/ZyoBo > 1 a priori. One can check a posteriori that this assumption is
still valid when the optimization is finished.

Output angle [mrad]

: : . : : : T
20 30 40 50 60 70 80 90 100 1
Energy [MeV]

Figure A.2: Optimization of the parameters from eq. A.12 to the expentaledata with
following parameters 8y = 0.25, Eg/E, = 1.6. (solid line) experimental
data, (dashed line) optimization.

Optimal parameters argy/E; = 1.6 andBp = 0.25. Knowing the electron density,
we obtain the accelerating fiel, = 150 GV/m. Such an accelerating field is plausible
because it corresponds to values reporter in equivalentsitt@lations (Tsung et al.,
2004). One can express the injection radius fi@ggmvhich equalso = 0.35um which is
well below the size of the cavity.

This model can be criticized and/or refined. In reality thectic field is not constant,
the injection is not necessarily parallel to the propageéisis but this leads to much more
complex equations. This model contains the essentialfesta explain such an electron
spectrum : an accelerating force and a restoring force wtriggers the oscillations.
Values obtained are consistent with the physical process.qDll has to understand what
triggered such oscillations of the mean direction of thetetas as function of the energy.
It might be possible that an asymmetric laser field leads @msgmmetric injection, or that
the laser axis has shifted during propagation.



Appendix B

Description of the electron spectrometer

In this appendix, | give analytic formulas and experimemtatk carried out to character-
ize this detector. This whole study was used to design twoaraharger spectrometers,
one being designed to see electrons accelerated to 1 GeV. dMiaer teams working in
laser-plasma field also use this kind of detector

B.1 Experimental setup

Laser Nozzle Magnets Lanex ICT

Figure B.1: (Color) Experimental setup used to measure the electroctrse.

Figure B.1 illustrates the detection setup. Electrons ognfiiom the plasma are dis-
persed while they travel in the magnetic field and then hitsitiatillator. We image the
surface of the scintillator on a CCD camera with large dyr@iange (16 bits). The
relaxation radiation emitted by the atoms from the sciatdf is recorded to monitor the
electron spectrum along the horizontal axis and the divergelong the vertical axis.
The charge can be estimated using the ICT, center on thedaseMWe measure this way
the number of electrons collected by this device after @spa. This corresponds to the
energetic part of the spectrum.

The description of the spectrometer is split in two partse first one to remind the
electron trajectory in this magnetic field, up to the detecamd the second one which
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concerns the detection system composed of the scintillaidrthe imaging system (in
Appendix C).

The magnet is composed of two rectangular NdFeB magnetagtié., =5 cm,
width |, = 2.5 cm and thickness 1 cm, separated by a distance of 1 cm. Theetiag
field, measured at the center with a magnetic Hall probe,sgBse= 0.45 T. Here is a
summary of analytical formulas giving the trajectory forelactron.

B.2 Analytic trajectory

B.2.1 For arectangular magnet

In this part, we consider a uniform magnetic field, equaBgpin the magnet and null

outside. The radius of curvatukrefor a relativistic electron of enerdlyy in this magnetic

field is given by

Eo(Eo+ 2m02) (B.1)
ec

wheree represents the charge of an electron aride celerity of light. We can consider

that observed electrons have an energy much larger thaeshemergy, which simplifies

this relation toBnR = Eg/(ecC)

The geometrical parameters which describe the systerbsthe source-to-magnet
distance DI the magnet-to-scintillator distance, along the laser,&ishe angle of the
scintillator with respect to the transverse axis. Diffanparameters are defined on figure
B.2.

BmR —

Dict

Ds DI

Figure B.2: (Color) Definition of parameters used in the text.

The trajectory of an electron can be described by simple g&arrshapes : a straight
line outside the magnetic field and a circle’s arc in the magibe origin of the frame
is taken at the entrance in the magnet. The electrons aaleeg (OXx), perpendicular to
the surface of the magnets. If the electron exits on the dfgpsgle, the intersection of
his circular trajectory with the magnet ihas coordinates :

(XPny) = (Lma R— \/ RZ — L%’l) (BZ)

In our experiments, the holder of the magnets preventsrelestfrom exiting by the
side. Electrons that exit by the opposite side follow thatiehyp < dl,,, wheredl, is the
maximum ordinate of the marget.
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PointC, which is at the intersection of the tangent to the electrajettory when it
enters and exits the magnet, is definedd§y= CP. this gives the following coordinates :

X2 + 2
c.y6) = (TP 0) ®3)

Finally, the intersection ifN of the electron trajectory with the scintillator by linear
trajectory is written :

(DI —xc)yp ) (B.4)

XN, = ( DI —yntan(g;),
Gov- ) ( wtan) Xp —Xc +yptan(6;)

B.2.2 For a circular magnet

Expression B.4 remains valid for a circular magnet with anif magnetic field, centé&
and radiuRR,, = OC. One simply needs to replage by Ry.

B.2.3 Adjustment to the magnetic field measured experimentty

In the previous paragraph, The magnetic field was assumed tmiform. In reality,
because nothing has been done to close the field lines,yréaliar from this simpli-
fied geometry. The real magnetic field has a gradient lengtipeoable to the distance
between the poles. in order to take this into account, themaanetic field has been
measured step by step with a Hall probe.

Magnetic field at every position in the dipole approximation

It is not possible to measure the three components of the etiagreld for each position.
In order to simulate the electron trajectories, | have wnta program that gives all this
information. | assume that all materials are magneticalingparent and | compute the
total magnetic field from elementary dipoles in the magnédte Tagnetic field radiated
by a dipole placed if? and measured iM is written

38 _E—’ dg_(/[?
d B(M)_4HDM< 3 ) (B.5)

wherepp iv the vacuum permeabilitﬁM is the operand of partial derivativesiih, df =
mdx dyrdz is the elementary dipole magnetic momentum dnd PM is the relative
position ofM with respect td°.

The idea is to basically integrate this equation over theiva defined by the two
magnets P coordinates). It is possible to integrate analytically thagnetic field along
some axes for rectangular and circular magnets. This wanddtailled because more
complex commercial programs are also available.

On Fig. B.3, one sees the experimental measurements, thlé gégthe computation
and the uniform magnetic field used previously. The ampétofithe computed curve
has been adjusted to match the measurement at the center mfatinet. The adequacy
is really correct between calculations and measurements. otices that the magnetic
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fields reverses sign outside the magnet, which decreaseséehall efficiency of the mag-
net. Because nothing has been done to guide the field linessndtt surprising that the
magnetic field changes sign outside.

0.5

0.4+

0.3+

0.2+

Magnetic field B [T]

0.1+

0.0+

-0.1 ‘ T ‘ T ‘ \ ‘ \ ‘ \ ‘
-0.12 -0.08 -0.04 0.00 0.04 0.08 0
X Iml

Figure B.3: Comparison of the measured magnetic fiBlchlong the laser axis (plus) to
numerical calculations (solid line) and the effective metgmfield used for
analytical formulas (dashed line).

Dispersion

We introduce now the effective magnetic fieB&ff which will be used in analytical for-
mulas. Its expression is

BT = L—lm /: B,(x)dx (B.6)
whereB,(x) is the component alon@z) of the magnetic field measured along the propa-
gation axis of the laser. In our experimental conditions,dffective magnetic field equals
B '=041T.

Dispersion curves obtained for the calculated magnetid &ad for analytical formu-
las are shown in Fig. B.4. The two curves are almost indisigttable, which justifies the
use of analytic formulas in the following. The uncertaintiseg from their separation
is negligible from the uncertainty due to the transverse sizthe electron beam on the
scintillator.

B.2.4 Dispersion power

The resolution of this spectrometer is mainly limited by theergence of the electron
beam. This was not taken into account in the analytic forsiflam the previous sec-
tion, because the electrons trajectory was supposed to fdpenmiicular to the magnet
surface. It has to be understood that even for a perfectlyomoergetic electron beam,
the low divergence would give a circular signal (actuallypgic) on the detector around
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Dispersion on the Lanex,s [cm]
w
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Figure B.4: Dispersion on the phosphor film as function of the electroergy for an-
alytical formulas (dashed line) and for a simulation repr@dg the real
magnetic field int he magnet at each position (solid line).

the average deviation. The divergence angle can be meaisutteel transverse direction
(non-dispersive because the influence of the magnetic 8aldgligible). For underdense
plasmas, we have measured a divergence of 10 mrad, whicHynskgends on the elec-
tron energy above 20 MeV for the best shots. In this study,faeleasing force of the
magnetic field from the edge effect will be neglected (Hungs)rl986). Here is an es-
timation of these edge effects in the plane perpendiculdréalispersion plane. For thin
magnetic lenses, the focal length for an electron of divergés < 1 is f ~ 2R/8s, where
R is the gyroradius of the electron. If one considers a bearh alictron of 100 MeV,
with divergence 10 mrad impinging on magnets with a magrfetld of 1 T, the focal
length would be 67 m, which is much longer than the size of #¥peement.

The relative resolution in energy is defined as the energgearresponding to the
divergence of the electron beam around the average ergyggtivided byEy. As the
detector is bent, the longitudinal spread of the electranben the detector, to the lowest
order isds = LtotBs/ c0g 0 ), whereLqt represents the total length of the electron trajec-
tory from the interaction point to the Lanex afd = 6; — 0¢ is the angle between the
normal to the scintillator and the electron trajectoby.is the angle of the electron with
respect to théOx) axis (see Fig. C.2) and is written

_ yp
Be = arctan< v XC) (B.7)

Assuming thads < sy < Liot, Wheresy = yn/cog6)) is the path length along the
detector, the resolution for an energyis :

o1
m
o
¥

=

(B.8)

g s
o
M
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Parameter | Symbol Value
Spectrometer
Magnet
Equivalent mag field Bef 041T
Length Lm 5cm
Width Im 2.5¢cm
Shift Olm 1.3cm
Distance to scintillator D 17 cm
Scintillator
Angle Gl 55°
Conversion efficiency edE/dx 1.8 MeV/cm
Areal density hs 33 mg/cnt
Phosphor density PGOS 7.44 glcnd
Energy of a photon Epn 2.27eV
Transmission factor ( 0.22
ICT
Diameter Dict 10cm
Detection system
Solid angle 3Q 2.0x10 3 sr
Observation angle of the CCD Bccep 15°
Lens o'} 0.95
Quartz do 0.95
Interference Filter aiF 0.20
Size of a pixel projected along the scintillatodspix 0.28 mm
Electron source
Distance to the magnet Ds 6cm
Divergence B 10 mrad

Table B.1: Experimental parameters, explained in the text

The equivalent for high energies is :

SE (Ds+ DI)R6s

(B.9)

This resolution degrades linearly with the electron endfgyincluded in the the ex-
pression of the radius of curvatur.

Numerical application

For the experimental parameters summarized in Table B.&¢,almtains a relative
resolution of 6, 14, 27 and 53% for electrons with energy 20,190 and 200 MeV
respectively.
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B.3 Development of new spectrometers

The main objectives of current experiments is the measunewfeenergetic electrons.
Adapted spectrometers are necessary. When the length ofafeet is much larger than
the two other lengthss <« D; and D ~ L), then Eq. B.9 becomesRBs/Ly, which
evolves as the inverse &,Ly. Thus, in order to improve the resolution, one has to
increase the dispersing power of the magnet (linked to tbdymtB,Ly) either by in-
creasing the magnetic field, or by increasing the magnetteng

Figure B.5: (Color) Pictures of the 10 cm long magnet (on the left) and4dbem long
one (on the right).

The maximal magnetic field of rare earth magnets is about éskaTin the gap. We
have ordered two new magnets with a magnetic fielBpt= 1 T between the two poles
(see Fig. B.5). The lengths of these magnets are 10 cm and 40Trbmfirst one will
give a higher resolution that the home-made magnet for etierglectrons (¢,100 MeV).
The 40 cm-long spectrometer will be used to record electvatis energise of the range
of 1 GeV for future experiments. Thanks to the work of the nfaotwrer to close the
field lines, the effective magnetic field has be estimatedetﬁﬁ;gf = 1.3 T for the 10 cm
one, which is this time higher than the magnetic field at theere This testifies a higher
quality for this kind of magnet (the magnetic field doesn'aobe sign outside). This
compact spectrometer gives a resolution of 10% at 200 MeWtisrdivergence, which
is much better than the one used previously. Howeverr, thalugon is 49% at 1 GeV,
which is not acceptable.

The second spectrometer designed for 1 GeV is much longethegeometry needs
to be modified. In particular, the scintillator has to be plhenuch further away, which
will also lead to an increase of the diameter of the electreant (because of the diver-
gence). However, with parameters from Table B.2, the rémolat 1 GeV is equal to
18%. We hope also that the divergence of the electron bedrhewmaller at this energy,



128 Chapter B. Description of the electron spectrometer

Modified parameter \ Symbol Value
10 cm spectrometer

Nominal magnetic field Bm 11T
Effective magnetic field | BSI' 1.3T
Length of the magnet Lm 10cm
Width of the magnet Im 10 cm
Shift Olm 5cm
Magnet-scintillator distance D, 17 cm
Source-magnet distance | Ds 6 cm
40 cm spectrometer

Nominal magnetic field Bm 0.85T
Effective magnetic field Beff 0.87T
Length of the magnet Lm 40 cm
Width of the magnet Im 8 cm
Shift Olm 4 cm
Magnet-scintillator distance D, 55cm
Source-magnet distance | Dg 10cm

Table B.2: List of modified parameters for the new magnets.

which would also improve the resolution. This magnet, opewiee side, also allows the
measurement of less energetic electrons, which will leaeentagnet by the sides. The
distance between the poles has also been increase to 2 cosbdba magnet is longer,

which gives a final effective field &% ' = 0.87 T longitudinaly.

This appendix summarizes the work done to build a single sleotron spectrometer.
Analytical formulas which give the impact position on thensitlator and the resolu-
tion are given. The analytic dispersion is also compared ¢asurements to adapt the
value of the effective magnetic field. Using a compact honaelerspectrometer, we have
measured new properties of the electron beam : a quasi mergedit peak at high en-
ergy. However, even if the raw image shows a narrow signaldéconvolved spectrum
is broadened. Consequently, a more dispersive magnet essay for this kind of ex-
periment and also a second longer magnet for acceleratithetGeV level. Calculations
have been performed to estimate the length of the magneath r@ sufficient resolution
at high energy (200 MeV and 1 GeV).



Appendix C

Determination of the amplitude of the
electron spectrum

Initially, the amplitude of the spectrum was determinedrfrithe charge measured by the
ICT. This appendix presents the absolute calibration, dasethe global yield of the
detection system to obtain the number of electrons.

The light from the scintillator is emitted by phosphor gsifGiakoumakis and Mil-
iotis, 1985). We will assume that the energy emitted in tisgble range is proportional
to the energy deposited in the chemical layepGg5:Th. The energy deposition in pure
gadolinium oxysulfide (GOS) is independent of the electmoergy above 1 MeV, which
is shown in the next paragraph. In order to represent thdrelespectrum on a linear
scale, one has to take into account the dispersion of efextithis is based on equations
from appendix B.2. Then, the two calibration methods aregmésd.

C.1 Simulation of the energy deposition in the scintillator

First, | justify that the energy deposition from the eleatan the scintillator can be con-
sidered constant above 1 MeV. The equivalent thicknessm&f @OS, which emits light,
is 44 um for the Lanex Kodak Fine.

The use of tabulated values for the stopping power (totalotirstonal), published
in (ICRU), implies no propagation of secondary particlas.other words, all secondary
particles deposit their energy at the place where they haea loreated. In reality, one
has to take into account the propagation of these secondatiglps (mainly photons and
electrons), which can leave the scintillator and depogtehergy further away. Monte-
Carlo simulations such &gant 4 (et al, 2003) allow to simulate all the particles required.
Therefore, I've simulated the propagation of electrons #l@um-thick GOS target. The
dose deposition is represented on Fig. C.1. The solid liogalh MeV is almost horizon-
tal, which means that the effective dose deposition ip#dof pure GOS is independent
of the energy of the electrons above 1 MeV.

In order to check the computation of dose, I've added theggnafrsecondary particles
that left the scintillator to this curve. The obtained cumatches perfectly the tabulated
values for the collisional stopping power. Then, if | alsalatie energy of secondary
photons which left the target, the new curve also matchefeqé®yr the total stopping

129
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Figure C.1: Energy deposition in pure Gadolinium Oxysulfide from : tatatl values
of the collisional stopping power (ICRU) (dashed line)atatopping power
(points) and from the Monte-Carlo simulation (solid line).

power. It is perfectly normal to reproduce those curves bse@eant 4 uses these tables
in its model of elastic scattering and bremstrahlung raafiat

For energies below 1 MeV, there is a peak which doesn’t matehabulated values.
Actually, the simulation is not adapted to represent theseges : below 0.3 MeV, elec-
trons lose all their energy and nothing exits from the GOSg¢chigive a straight line with
slope 1. Between 0.3 MeV and 1 MeV, the electron energy vauesg the propagation
in the simulation and the dose deposition increases as ¢otra@h loses energy. A cor-
rect calculation of the stopping power requires an elecéoergy large compared to the
energy lost in the medium, which is not fulfilled for low enieg, For information, the
minimum energy for an electron for which the penetrationtegxceeds the thickness
of the target is 0.12 MeV. The penetration deptfs the average integrated path length
that an electron can travel before stopping and is definelgercontinuous slowing down
approximation by :

0 1
p(E):/E %dE (C.1)

wheredE/dxis the effective stopping power of the particle.

In reality, Lanex Kodak Fine contains several layers ofedéght materials (the descrip-
tion of which is given in Table C.1). The dose deposition gkted in the full scintillator
confirms that the energy deposition is constant above 1 MeV.

Such simulations have already been done for other type efcttes (Tanaka et al.,
2005) (Film Fuji BAS-SR2025). Their detector contains edets which are excited in a
metastable state by the incoming radiation (electronsk dptical reading in a scanner
triggers the forced desexcitation of these levels. Theasthad already concluded for
their system that the energy deposition became energypérient above 1 MeV and
verified it experimentally for electrons of 11.5, 30 and 106W



C.2. Calibration of the scintillator at Elyse 131

Density  Thickness

Element Material (g/cn?) (cm)
Shielding

Aluminium foil aluminium 2.7 0.0100
Kodak Lanex Fine

protective coating  cellulose acetate 1.32 0.0010
plastic substrate poly(ethylene terephtalate)  1.38 0.0178
scintillator Gad0O,S + binder 4.25 0.0084
protective coating cellulose acetate 1.32 0.0005

Table C.1: Composition of the scintillator.

C.2 Calibration of the scintillator at Elyse

Figure C.2: (Color) Scintillator, imaging system and associated paians.

The description of the scintillator and the imaging systawaalready been described
for incident X-rays (Radcliffe et al., 1993) and protons (B9 1998). We have used the
scintillator Kodak Lanex Fine which is composed of seveagéls (Schach von Wittenau
et al., 2002) (see Table C.1). In particular, it contains atare of phosphor grains in a
urethane binder (see Fig. C.2). The areal density of thegif@sshs = 33 mg/cnt for
this scintillator. The thickness of pure scintillator istaimed by dividinghs by the density
of GOS (7.44 gl/crf). One obtains a thickness of 4, which is the value used before.
The following is dedicated to the calibration of this powdentained in the scintillator,
since only this part emits visible light.

However, as explained by S. N. Boon, there exist no inforomatn the efficiency
of scintillators for proton or electron beams. The intrmsonversion efficiencg in
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G O,S:Th, which is the fraction of deposited energy which is @ted into visible
light in the material, has been measured only for X-ray be@@mkoumakis et al., 1989).
The different measurements gave values between 15 % and Zb#several reasons,
these values are not correct for electrons : (i) manufacduden’t know if the scintillator
is linear for such electron fluence, (ii) the intrinsic corsien efficiency depends on the
nature and the energy of the radiation. Previous studies bhaen carried out only for
X-rays in the range 20-70 keV.

The calibration of this scintillator for electrons has thesen performed on the accel-
erator Elyse at Orsay (Belloni et al., 2005). This is a ragigfiency accelerator used for
radiolysis. The photocathode delivers electrons whichearlerated to a maximum en-
ergy of 9 MeV using radiofrequency cavities and each pulsg¢atos a maximum of 5 nC.
We have been working at a repetition rate of 1 Hz in order tausnghat the scintillator
didn’t heat. Electron bunches had a duration of 15 ps. At tmpwt of the accelera-
tor, electrons travel through a 3}2n-thick aluminium foil and then propagate in air (see
Fig. C.3). They travel through the core of the ICT and theotlgh the scintillator placed
perpendicular to the beam and imaged onto a 16 bit Andor CGBeca, looking at an
angle of 438 at a distance of 61 cm from the surface of the scintillatoe €kposure time
was the same as during the experiments (90 ms), which is noagef than the relaxation
time of the scintillator (of the order of a millisecond). Wauve also used an interference
filter at 546 nm to reproduce the usual experimental conutioThe scattering of the
electrons in the aluminium foil implies all these elememntbé placed as close as possi-
ble from each other to avoid loosing any signal. Becauseeattmns travel through the
core of the ICT and because there is no electromagnetic rthisalevice gave a reliable
charge contained in the electron bunch, matching the vaitereed independently with
a Faraday cup placed in the beam. The dark current level wglgyiide. We have been
working at three different energies : 3.3, 4.8 and 8.5 MeV.

/
/

.7 FI@546nm

Al 12 um ICT Lanex p 4
/
/
4\‘\7\? /\ 45°
—N
-

Figure C.3: Experimental setup for the calibration of the scintillator

The scintillator response is linear as function of the chdsge Fig. C.4). Figure C.5
shows the ratio between the integrated number of counts@C@D and the measured
charge from the ICT for the three electron energies. This fatindependent of the elec-
tron energy, in accordance with simulations of the energyod#ion presented above (in
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Figure C.4: Evolution of the measured signal as function of the charge3aMeV.

Fig. C.1). The error bars are larger at 8.5 MeV because theakigpntains X-rays that
can perturb the ratio. Using the experimental geometry amchdlas presented previ-
ously, one obtains the fraction of kinetic energy of an et@ciwvhich has been converted
into visible light per unit of thickness of pure scintillatedE/dx= 1.8+ 0.2 MeV/cm.
Using the results from the Monte-Carlo simulation, thigle#os = 16%+ 2%, which is
surprisingly close to the the value for X-rays (Giakoumadisl., 1989). This value is in-
dependent of the geometry and the detection system. It casdzkfor other scintillators
(G O,S:Th) for which the areal density is known.
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Figure C.5: Ratio of the number of counts measured on the CCD camera tautinber
of electron contained in the bunch at 3.0, 4.8 and 8.5 MeV. dher bars
account for statistical fluctuations of the ratio for eaclergy and for the
analysis.
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C.3 Absolute calibration

Assuming that the intrinsic conversion efficiency can beduseour experimental condi-
tions, it is possible to obtain the relation between the nemalb electrons which travelled
through the scintillator and the number of counts on the C@2&imating the global
response of the optical system.

C.3.1 Conversion in photons in the scintillator

The equivalent number of photohg; created at the central wavelength in the scintillator

for each incident electron is dNe 1 dE
r
— e 2
N Ephe X OX (C.2)
wheredx = hs/(pcoscog0,)) is the equivalent thickness of pure phosphor crossed
by an electron anépy is the energy of a photon at 546 nm. Other lines in the emission

spectrum will be damped by the interference filter placedontf of the camera.

C.3.2 Collection by optics

Created photon experience multiple elastic scatteringemtedium and at its interfaces,
because of the variation of index of refraction. The fractas light which escapes the
screen has already been estimated (Radcliffe et al., 1988)extrapolating this curve
to the areal density of our scintillator, the transmissiaotbér becomeg = 22%. The
angular distribution is close to a Lambertian law (cosin@)akoumakis and Miliotis,
1985). According to that article, this law is adapted to atidns leading to homogeneous
dose deposition along the thickness of the scintillatore @hthors also stress that the
incidence angle of the electron on the screen has no influemtiee angular distribution
at the rear side. Finally, the number of photons collectethiydetector by each pixel of
the camera, for each created photon is

dNeo
d’\l'\clcr” = 9(6ccp) 0Q g do aiF (C.3)

whereg(8ccp) = cog60ccp)/Ttis the normalized Lambertian law, evaluated at the ob-
servation angle of the camer& is the solid angle of collectiory, gg andqr are trans-
mission factors of the lens, the quartz window in front of @€D and the interference
filter respectively. The transmission of the interferentterfis the fraction of light energy
in the visible range of the emission spectrum of the scatbll which is transmitted.

C.3.3 Yield of the camera

We have been using a CCD camera from Andor, model DV420-Rhfedetection. The
guantum efficiency (number of electrons produced for ancapphoton) of the camera at
-20° C and at wavelength 546 nm@E = 26% andr = 7 electrons are required to make
one count on the CCD (for a readout time ofiper pixel). These data are provided by
the manufacturer. The yield of the CCD is

dNets _ QE
dNcol r

(C.4)
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Finally, the measurement gives the number of count$Egjscorresponding to each
pixel of the CCD. The initial spectrum is obtained using tbkoiwing formula :

%(EO) . Ctg(Ep) dsy N < dNots dNeoll chr)
dE B OSpix dE ~ \dNeon dNer dNg

wheredsyix is the size of a pixel projected along the scintillator.

(C.5)

This absolute calibration is compared to another calibratnethod using an integrat-
ing current transformer.

C.4 Use of an integrating current transformer

We have been using the combination of an Integrating Cufireartsformer (Bergoz ICT-

055-070-20:1) and a Beam Charge Monitor (Bergoz BCM-RR%#B)btain the charge

contained in a part of the spectrum. This second devicernategthe signal from the ICT
and holds a constant voltage proportional to the measuradetat the output. The value
given by this device can be inaccurate for several reasons :

e This electrical device is not designed to measure electuocies as short as 100 fs.
When the electron bunch is very short, the signal from thed@ oscillate because
of the excitation of a resonance in the circuit. However, tieasurement unit
(BCM) integrates these oscillations and is expected to gikdiable measurement
as explained in the documentation.

e The influence of electrons that travel in the surroundingathe ICT or inside
the coil itself isn’t known, even if we know that a perfect IGhould give a null
contribution from all electrons travelling outside. Nortgaall electrons should
flow inside the core of the ICT.

e The electronic system is also sensitive to the electrontagfield from the laser
and the one generated at the interaction point. Thus, thenESTbeen placed as far
as possible from the interaction point 60 cm). The ICT was also shielded from
direct exposure to the laser light by inserting a perforaéfibn mask in from of it.

¢ Finally, this device is also sensitive to the huge amountowf énergy electrons
which are sent in all directions from the interaction poiftheir contribution to
the measured signal can significantly alter the impact ohtbasurement. In order
to block these low-energy electrons, we have placed leaddshg all around the
magnet.

After additional null tests, the signal given by the ICT seehto be consistent with our
expectations. The absolute calibration which has beetadlaiater during my thesis has
given lower charge.

The number of counts on the camera is corrected for the ertsgersion. The num-
ber of electronslNg /dE with energy betweeiy andEg + dE is proportional tof (Eg)

dsy

f(Eo) = CtS(Eo)d—E(Eo) (C.6)
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where Ct$Ep) is the number of counts corresponding to enekgy(integrated along
the non-dispersive axisfisy/dE represents the energy dispersion. The final spectrum
dNg/dE is obtained fromf (Ep) by normalizing the signal abogct (minimum energy
intercepted by the ICT) to the number of electrons colledctgdhe ICT. However, the
effective diameter is difficult to determine and the cutofeegy has been set to the two
extreme diameters of the ICT (internal and external). Tésslb to large error bars when
using this calibration method.

Two independent methods are proposed to determine the taohplof the electron
spectrum : either using the absolute calibration of thealeteor using an integrating
current transformer. A detailled description of all phydiparameters involved in this
calculation is given in the text. These two methods are coethan the section with
experimental results (Sec. 2.2.4). However, these two oastisuffer from drawbacks
: the ICT is sensitive to electromagnetic perturbation ansdry-low-energy electrons,
the response from the scintillator can differ from the oneaswuged on the conventional
accelerator when exposed to a brief electron beam with a f&ugncy.
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