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ABSTRACT

This thesis describes experimental investigations of plasmas produced by a high

power laser pulse. In particular, the shock behaviour of laser irradiated targets has

been studied with X-ray radiography, and the electrical charging-up of the whole

target in ultra-intense laser-solid interactions has been measured with proton deflec-

tometry.

In the first experiment, the temperature and density conditions and the shock

position in colliding shock waves produced by direct laser irradiation have been

measured in chlorinated foams using point-projection K-shell absorption spectro-

scopy. The temperature profile has been obtained by matching a synthetic absorp-

tion spectrum to the observed experimental data, whereas the density has been

inferred from the absolute transmission levels through the target.

In the second experiment, the dynamics of a plasma produced by a moderate

intensity laser pulse was studied with a laser-generated MeV proton beam. For the

first time large quasi-static electromagnetic fields inside the plasma caused by heat

flow instabilities were observed in the proton beam images for both side-on and face-

on probing. The observed structures reveal the unstable nature of energy transport

both in the corona and in the overdense region of a laser generated plasma.

In the third experiment, the proton imaging technique has been used to investigate

the interaction of an ultra-intense picosecond laser pulse with a solid target. The

dynamics of the charging and discharging of the whole target was resolved on a

picosecond timescale. Current filamentation instabilities have been also observed,

and estimates for the deflecting electromagnetic fields have been obtained with the

help of numerical simulations.
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NOTATION

Symbol Definition Units or Value

c Speed of Light 299792458 m s−1

kB Boltzmann’s constant 1.3807× 10−23 JK−1

h Planck’s constant 6.6261× 10−34 J s

NA Avogadro’s number 6.0221× 1023 mol−1

e Elementary charge 1.6022× 10−19 C

ε0 Vacuum permittivity 8.8542× 10−12 Fm−1

µ0 Vacuum permeability 1.2566× 10−6 Hm−1

Z Atomic number

A Atomic mass g mol−1

me Electron mass 0.511 MeV/c2

9.1094× 10−31 kg

mp Proton mass 938.27 MeV/c2

1.6726× 10−27 kg

Gy Gray (dose unit) 1 J kg−1

1 eV corresponds to an energy of 1.6× 10−19 J

a temperature of 11600 K

a radiation wavelength of 1.2400 µm
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Chapter 1

Introduction

This thesis describes experimental measurements and numerical simulations of laser

interaction with solid targets at high intensity. The experimental investigations

were conducted using X-ray radiography and proton imaging as main diagnostic

tools. Data were recorded on X-ray film or radiochromic film. In the case of X-ray

radiography, the exposed film contained information on the spatial distribution of

mass in the target and spatially resolved absorption spectra of the probed plasma.

The images collected with the proton imaging technique recorded the deflections

induced in a laser-generated proton beam after the propagation through a preformed

plasma. This thesis reports on the successful application of these two diagnostics

to the study of plasmas generated by direct laser irradiation at different intensity

regimes.

The presented data have been collected by the author at the Rutherford Appleton

Laboratory VULCAN laser facility in the course of three experimental campaigns.

In the first experiment, the propagation and collision of counter-propagating shock

fronts was observed using X-ray point-projection absorption spectroscopy.

The shock waves were driven inside chlorinated foam targets by direct irradiation

with a ns laser pulse at the intensity of 1014 Wcm−2. Aim of the experiment was to

time-resolve the impact of two shock waves in a high energy density regime, and to

record the plasma conditions generated by the collision.
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A large part of the thesis is devoted to the description and characterisation of

the proton imaging technique. This diagnostic employes a laser-generated proton

beam to probe a target in a point-projection configuration. Essential data for the

development of this technique have been collected in the second and third experiment

here reported. The proton beam used for probing was generated by focussing a ps

laser pulse onto thin aluminium foils at a typical intensity of 1018 Wcm−2. The target

to probe was placed in the propagation cone of the proton beam emerging from the

rear side of the foil target. The proton beam was then stopped in a layered detector

consisting of a stack of film sensitive to ionising radiation. The single layers of film

recorded the spatially resolved distribution of different energy components of the

beam.

The proton imaging has been used in the second experiment to diagnose the

interaction of a ns laser pulse with a foil target. The images show the formation

and evolution of filamentary structures inside the plasma plume that have been

interpreted as the effect of macroscopic electromagnetic fields associated with non-

uniformities in the plasma flow.

The same diagnostic has been applied in the third experiment to the study of

the ultra-intense interaction of a picosecond laser pulse with the surface of a glass

micro-sphere. The multi-frame capability of the proton imaging technique allowed

the resolution in time of the electrical charging and discharging of the whole target

on a timescale of a few picoseconds. The collected images showed also the presence

of striations, which have been interpreted as the effect of a current filamentation

instability in the plasma surrounding the micro-sphere.

The author ran the presented experiments in collaboration with Dr. M. Borghesi

and under the supervision of Prof. O. Willi. During the experimental work, the

author acquired detailed working knowledge of all aspects of the planning, prepara-

tion and execution of experiments on laser-plasma interaction in a large-scale laser

facility.

Performing the experiments involved laser beam pointing and timing; crystal tuning;
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laser beam synchronisation with high-speed electronic devices; setting-up interfero-

metric diagnostics; target preparation and alignment.

The author reduced the collected data which involved image processing of the

digitised films; transmission profiles extraction; absorption spectra extraction; gen-

eration of synthetic absorption spectra to compare with experimental data; and

mapping of the particle deflection of a proton beam in the detector plane. To assist

the analysis and the interpretation of the data, the author ran 1D and 2D numerical

simulations with lagrangian and eulerian hydrocodes.

A particle-tracing code (PTRACE) was developed by the author to simulate the

effects of electromagnetic fields on a laser-generated proton beam. The code allowed

the integrated simulation of the proton beam propagation through arbitrarily pre-

scribed e.m. field structures, and the energy deposition of the beam in the particle

detector used in the experiments. This numerical tool was used to generate dose

maps to be compared with the collected radiochromic film images.

The PTRACE code, which has been used in interpreting the experimental observa-

tions and in planning new experiments, has been a very effective tool in the devel-

opment of the proton imaging technique. The progress made in the application of

this diagnostic has been presented at several international conferences and meetings

in recent years.

The author has contributed to several publications in international scientific journ-

als. Among these, it can be found a description of the proton imaging technique and

its potential applications[Borghesi et al., 2001], an investigation on rear-surface ac-

celeration inhibition[Mackinnon et al., 2001], the observation of soliton formation in

high power laser-plasma interactions[Borghesi et al., 2002b], and the study of mac-

roscopic electric fields generated in ultra-intense laser-plasma interactions[Borghesi

et al., 2002a].

The thesis is structured as follows. A brief review of the basic concepts in the

study of laser-plasma interactions is presented in chapter 2. An account of the de-

velopment in ion acceleration using laser-produced plasmas is given in chapter 3. In
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particular, the main mechanisms that lead to the generation of multi-MeV proton

beams from laser-irradiated thin foils are presented.

In chapter 4 the theoretical framework of the stopping of charged particles in matter

is described to introduce the physics at the basis of the particle detector used in the

experiments here described.

In chapter 5 the various diagnostic tools and experimental techniques employed in

the experiments are presented. For each experiment, a detailed account of the data

reduction and analysis is given in chapters 6, 7 and 8, together with the results of

numerical simulations and the interpretation of the collected data.

Finally the experimental observations are summarised in chapter 9 and the conclu-

sions of the presented work are drawn.



Chapter 2

Laser-plasma interactions

This chapter reviews a variety of processes which may take place during the inter-

action of a laser pulse with a plasma. The discussion focuses on the features that

are relevant to an ablative system. The chapter starts off with a description of the

basic concepts in plasma physics.

2.1 Modelling a plasma

In general terms a plasma is a system of a large number of particles coupled together

by their mutual electromagnetic interaction. These particles are usually grouped for

clarity of description and simplicity of treatment into several species depending on

the electric charge state of the particle. One can so identify the species of electrons,

the species of ions of different charge states and of different elements, and the neutral

atoms and molecules which could be present in the plasma. The net uncompensated

charge in a plasma is supposed to be small compared to the total charge of either sign

of the different species. Therefore the total system may be considered as electrically

neutral, both globally and locally. In fact positive and negative charges are forced

to move more or less together, since large electrostatic forces would arise to prevent

a net charge separation. Thus a plasma is electrically quasi-neutral and tends to
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exhibit a collective behaviour.

The dynamics of each species may be described at a fundamental level as a flow of

particles in phase-space. For a collection of N particles, 6N coordinates are needed

to follow the motion of the system. When N is a large number, a statistical approach

is necessary, just as in gas kinetics and in thermodynamics. The N copies of phase-

space are replaced by a single 6-dimensional phase-space, and a distribution function

f(r,v, t) is introduced, which represents the density of particles in phase-space at

any point in time. The local number density n in configuration space is linked to f

by the relation

n(r, t) ≡
∫

f d3v , (2.1)

where the integral is performed over all velocities. The total number N of particles

for the considered species is given by

N =

∫
d3r n(r, t) ≡

∫
f d3r d3v . (2.2)

The distribution f obeys a continuity equation in phase-space, called the Boltzmann

equation:

∂f

∂t
+∇r ·

(
f

dr

dt

)
+∇v ·

(
f

dv

dt

)
=

δf

δt
(2.3)

This relation expresses locally the balance of density flow out of a volume element

in phase-space taking into account the eventual presence of source terms δf
δt

. The δf
δt

term actually includes all the short-range particle interactions that usually go under

the name of collisions. Since f represents a density in phase-space, the collision

term implies a sort of integration to average out the effects of collisions, so that they

can be included in the Boltzmann equation.

When the only forces acting on the system are the electromagnetic and gravitational

forces, the Boltzmann equation can be rewritten in the gradient form[Shkarovsky

et al., 1966], which is easier to compute

∂f

∂t
+ v · ∇rf + h · ∇vf =

δf

δt
, (2.4)

where the acceleration h for electromagnetic forces is given by the Lorentz force

h =
q

m
(E + v ×B) . (2.5)
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In general , the electric field and the magnetic field are not simply prescribed, but

are dynamical variables of the system, just as the particles themselves. Therefore a

self-consistent treatment must include the dynamic equations for the electromagnetic

field, i.e. the Maxwell’s equations

∇ · E =
ρ

ε0

∇ ·B = 0

∇× E = −∂B

∂t
(2.6)

∇×B = µ0 j +
1

c2

∂E

∂t
.

The charge density ρ and the current density j are defined in terms of the distribution

function as

ρ =
∑

species

qk nk =
∑

qk

∫
d3vkfk , (2.7)

and as

j =
∑

species

qk nk〈vk〉 ≡
∑

qk

∫
d3vkfkvk . (2.8)

Equations 2.4 to 2.8 form a complete description of a plasma. The source term

in 2.4, up to here ambiguously defined, is the heart of the plasma model. Different

prescriptions for δf/δt correspond to various plasma conditions. When collisions

can be neglected, the dynamic equation for f is called the Vlasov equation. When

short-range binary collisions are dominant, as in the case of weakly ionised gases,

the equation is properly named the Boltzmann equation, and the collision term de-

scribes mainly the interaction of charged particles with neutral atoms and molecules.

In highly ionised collisional plasmas, the particle diffusion in phase space is domin-

ated by a large number of simultaneous long-range Coulomb collisions. A suitable

approach for this situation is the Fokker-Planck equation, which includes in the col-

lision term the averaged effect of long-range small deflections arising from Coulomb

binary collisions.

The Vlasov equation is the starting point for deriving most of the basic properties



2.1 Modelling a plasma 16

of plasmas. A compact and practical form of the Vlasov equation reads

∂f

∂t
+ v · ∇rf +

q

m
(E + v ×B) · ∇vf = 0 . (2.9)

Many interesting phenomena that occur in plasma dynamics can be described

using a fluid model for the plasma. In this approach, each particle species is seen as

a fluid governed by pressure and electromagnetic forces.

A fluid description may be adequate when the equilibrium times of the considered

species (e.g. electrons or ions) are shorter than the other characteristic times of

the plasma dynamics, so that the particle distribution can be approximated by a

Maxwellian. At the same time, it is important that the mean free paths of the

various particles are shorter than the temperature scalelengths in the plasma, so

that the standard diffusion approximation can be used for computing the energy

transport in the plasma.

The detailed kinetic description contained into the Boltzmann equation 2.4 may

be reduced to obtain the fluid equations for the plasma. By taking successive velo-

city moments1 of the Boltzmann equation, the information about velocity space is

condensed into averaged quantities such as the fluid density n, the fluid velocity u,

the scalar pressure p, the shear tensor π, and so on.

To illustrate this, let us compute the 0-th order moment of equation 2.4, after re-

writing the acceleration h in the following form

h =
q

m
E +

q

m
v ×B = a + v × ωb , (2.10)

where a represents the contribution to h by the electric field, and ωb = |qB|/m

is the cyclotron frequency.

The integral to perform is∫
d3v

[
∂

∂t
+ v · ∇r + h · ∇v

]
f =

∫
d3v

(
δf

δt

)
collisions

. (2.11)

The first term gives simply the time derivative of the number density∫
d3v

∂f

∂t
=

∂

∂t

∫
d3vf =

∂n

∂t
(2.12)

1the n-th velocity moment of f is defined as
∫

d3v v ⊗ · · · ⊗ v︸ ︷︷ ︸
n times

f
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The second term yields the divergence of the fluid current∫
d3v v · ∇rf =

∫
d3v∇r · (fv)− f ∇r · v︸ ︷︷ ︸

=0

= ∇r ·
∫

d3v fv ≡ ∇r · n〈v〉

= ∇r · nu , (2.13)

where u ≡ 〈v〉 is the mean velocity of the particles contained in a volume element.

The third term vanishes, and the collision term in 2.11 may be written as∫
d3v

(
δf

δt

)
collisions

=

(
δn

δt

)
collisions

. (2.14)

Hence, if we assume that no recombination or ionisation is taking place inside the

plasma, we can set (δn/δt)coll = 0, and, combining all terms together, we obtain the

continuity equation for the fluid

∂n

∂t
+∇r · nu = 0 . (2.15)

Using the same technique, it is straightforward to obtain the equation of motion

for the charged fluid by taking the first velocity moment of the Vlasov equation

m n

[
∂u

∂t
+ (u · ∇r)u

]
= q n (E + u×B)−∇r ·P , (2.16)

where P is the second-order tensor known as the stress tensor, which is usually

decomposed in the scalar pressure p and the traceless shear tensor π

P = m n

∫
d3v (v − u)⊗ (v − u) f = p I + π . (2.17)

2.2 Fluid codes

The numerical simulations of laser-plasma interaction presented in this thesis were

carried out with hydrodynamic codes. This section presents the basis of a typical

fluid code for laser-plasma simulations.

In the codes, the plasma is described as a single unmagnetised fluid with two temper-

atures, one for the electrons and one for the ions. In fact, due to the large difference
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in the particle inertia, the electron and ion population can be separately in thermal

equilibrium at two different temperatures. This happens in regions of the plasma

where the electron-ion collision frequency is relatively low, e.g. in the rarefied hot

corona of a laser-irradiated target.

The charge neutrality is imposed locally in the plasma, so that the electron density

is a function of the ion density and the mean ionisation stage ne = Z∗ ni. Further-

more, the inertia of electrons is neglected with respect to the ion inertia, so that the

plasma density is given by the ion density ρ ' mini.

The macroscopic velocity u is given by the ion mean velocity ui, and the motion of

the plasma fluid is determined by a Navier-Stokes equation

ρ
Du

Dt
= −∇ ·P , (2.18)

where the total stress tensor P is the sum of the electron Pe and the ion Pi stress

tensors.

The continuity equation for the mass reads

Dρ

Dt
+ ρ∇ · u = 0 . (2.19)

In the codes, the conservation of energy is usually expressed separately for the elec-

trons and the ions by the equations that balance locally the specific power absorbed

or emitted by the single species.

For the ions, the convective derivative of the energy density εi can be expressed as

Dεi

Dt
= −Pi : ∇u−∇ · qi + Si + Qei , (2.20)

where qi is the ion thermal flux, and Qei is the rate of electron-ion energy ex-

change. The term Si contains the various sources of power density input and output

that are included in the model (e.g. fusion product deposition in fusion simula-

tions[Atzeni, 1987]). The energy equation for the electrons is similar to the previous

one

Dεe

Dt
= −Pe : ∇u−∇ · qe + Se −Qei , (2.21)
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where the source term Se includes the rate of absorption of laser radiation, the rate

of Bremsstrahlung emission, and rates from other energy transfer mechanisms.

The electron thermal conduction is implemented in the codes in the standard

flux-limited diffusion approximation, qe = −χeff∇Te, with the thermal conductivity

prescribed by a relation of the kind

χeff = χe ·min

[
1,

f qf

|χe∇Te|

]
, (2.22)

where χe is the Spitzer conductivity[Spitzer, 1962], qf ' venekTe is the free

streaming flux, and f is the user-prescribed flux-limiter. In our simulations, the

heat flux was typically limited to 3-10% of the free streaming flux.

In order to close the set of equations 2.18 to 2.21, an equation of state ε(ρ, T )

is needed. The EOS is used to obtain the energy density from the hydrodynamic

variables. In our simulations, the ideal gas EOS was used for the low density foams,

whereas a corrected Thomas-Fermi EOS was used for the aluminium targets.

2.3 Propagation of light in a plasma

In the experiments described in this thesis, different plasma conditions were pro-

duced by focussing powerful laser pulses onto solid targets. Common to all cases is

the fact that the main laser pulse always interacted with a plasma, instead of with

a solid. The low-energy pedestal or the rising edge of the laser pulse were intense

enough (I & 1012 Wcm−2) to heat, vaporise and ionise a surface layer of the solid,

thus forming a plasma cloud. In describing the laser-plasma interaction, it is there-

fore interesting to recall the basic propagation properties of an electromagnetic wave

in a plasma.

In response to the high frequency field of the laser

E = E(x)e−iωt
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the free electrons perform quiver oscillations at the laser frequency. Having an inertia

much greater than electrons, the ions can be considered as a stationary, neutralising

background. Linearising2 the equation of motion for the electron fluid 2.16 and

coupling it to the Maxwell’s equations for the radiation, one can obtain the dispersion

relation for light waves in a plasma

ω2 = ω2
pe + k2c2 , (2.23)

where ω2
pe = nee2

ε0me
is the plasma frequency. This relation, although obtained under

very strong assumptions, i.e. considering a collisionless, unmagnetised, uniform

plasma, expresses an important property of the propagation of electromagnetic waves

in a plasma. It shows that the laser light can penetrate a plasma up to a point where

the local plasma frequency ωpe equals the laser frequency ω. Going deeper in the

plasma, the wave number k becomes imaginary, and therefore the light wave is

exponentially damped, becoming an evanescent wave. The corresponding electron

density nc, at which the light is stopped, is called the critical density, and is given

by

nc =
ε0me

e2
ω2 =

1.1 · 1021

λ2
[ µm]

cm−3 , (2.24)

where λ is the laser wavelength in vacuum expressed in µm.

Long before reaching the critical density, the laser light actually propagates through

regions of increasing plasma density, where collisions between electrons and ions

become frequent enough to affect the propagation of the light wave. There the

coherent motion of electrons oscillating in the laser field is converted into thermal

motion by collisions with the ions. Taking into account electron-ion collisions, the

equations of motion 2.16 for the electron fluid present an extra term, which can be

expressed by (
∂

∂t
ne ue

)
i

= νei ne ue , (2.25)

2i.e. expressing all quantities, e.g. the density ne, as the sum of a constant term ne0 plus a

small fluctuation ne1, and then retaining only terms which are first order in the fluctuations
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where νei indicates the electron-ion collision frequency[Kruer, 1988]. The dispersion

relation for light waves reads now3

ω2 = k2c2 + ω2
pe

(
1− i

νei

ω

)
, (2.26)

which shows that the light wave is damped at the rate ν =
ω2

pe

ω2
pe+k2c2

νei.

This absorption mechanism is called collisional absorption or Inverse Bremsstrahlung

absorption, and represents one of the most efficient ways of coupling the laser pulse

energy to the bulk of the plasma. The attenuation of the laser intensity I as the

light propagates through the plasma is given by

dI

dx
= −κib I , (2.27)

where the inverse bremsstrahlung absorption coefficient κib scales as[Key, 1980]

κib ∝
(

ρ

ρc

)2

Z λ−2T
− 3

2
e

(
1− ρ

ρc

)− 1
2

. (2.28)

Here ρ is the mass density, Z is the atomic number of the material, λ is the laser

wavelength and Te is the electron temperature. The density ρc is the mass density

corresponding to the critical density nc for the laser wavelength λ.

It follows from equation 2.28 that the fractional absorption due to IB increases

dramatically where the density ρ approaches ρc. For a given density profile, the

maximum absorption coefficient κib scales as Zλ−2T
− 3

2
e , therefore shorter laser

wavelengths lead to higher efficiency of collisional absorption, whereas low Z mater-

ials and high temperatures are detrimental to this absorption process.

Laser rays propagating through a plasma are deflected according to the refract-

ive index η which is a function of the local electron density, as can be seen using

equation 2.23

η =
c

ω
<[k(ω)] =

√
1− ne

nc

. (2.29)

When the turning point of the ray is close enough to the critical density layer, the E-

field of the laser can excite plasma oscillations at the ωpe = ωlaser frequency. Energy

is transferred resonantly via this collisionless process (resonance absorption) from the

3under the assumption that νei � ωlaser



2.4 An ablative system 22

light wave to plasma waves of extremely high amplitude. Upon wavebreaking, the

energy stored in the plasma waves is transferred to a small population of energetic

electrons. These hot electrons have typical temperatures of up to several hundreds

of keV, and, due to their long mean free path, traverse and permeate the target,

heating up and ionising the material. The resonance absorption is a major absorption

process. In certain conditions it can account for a few tens of percent of the overall

laser energy incident on the target, and a typical absorption of 5-10% can be expected

for general irradiation conditions.

2.4 An ablative system

This section describes the main dynamical features of a laser irradiated solid tar-

get at moderate intensity. We restrict our analysis to the collisional regime Iλ2 <

1014 Wcm−2µm2, where the most important laser absorption mechanism is the pre-

viously described Inverse Bremsstrahlung.

Figure 2.1 presents the results of a numerical simulation performed with the hydro-

code IMPLO4 showing the interaction of a 0.5 µm laser pulse, 600 ps long, with a

25 µm aluminium foil at the intensity 1014 Wcm−2. The profiles of the hydrodynamic

variables are presented after 300 ps of irradiation. After a transient, during which the

plasma cloud is formed in front of the foil target, a quasi-stationary self-regulating

ablative process occurs. The laser energy is deposited in the bulk of the plasma in

the absorbing layer, which is located just before the critical density ρc, as shown

in figure 2.1, and has a typical thickness of ∆z ∼ κ−1
ib . From there the energy is

transported to higher densities by thermal diffusion of the electrons. The heated

material expands outwards, and as a reaction a shock wave is launched into the

dense material. The ablation pressure, i.e. the pressure generated as a result of the

4the one-dimensional lagrangian hydrocode IMPLO was developed at the ENEA Frascati Labor-

atories [Atzeni et al., 1980].
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ablation of the material from the dense phase, is given by

pabl = ρ u2 ∼ 11 I
7/9
14 Mbar , (2.30)

where ρ and u are the mass density and the expansion velocity at the ablation front

respectively[Caruso and Gratton, 1968]. The given estimate for pabl, where the laser

intensity I is expressed in units of 1014 Wcm−2, is a valid approximation for the

irradiation conditions of the experiment described in chapter 6.

The ablation pressure acts like a piston on the dense phase driving a strong shock

wave that propagates into the foil compressing and heating up the unperturbed solid

material.

unperturbed solid

conduction
layer

absorption layer

shocked
layer

Figure 2.1: Simulation of the interaction of a moderate intensity laser pulse on a 25 µm

Al foil. The snapshot is taken after 300 ps of irradiation. Profiles are drawn for electron

and ion temperatures Te and Ti in eV, for the pressure p in Mbar, and for the mass density

ρ in g/cc. The simulation was carried out in one-dimensional planar geometry.
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2.5 Shock waves

As we have just seen, in laser-plasma experiments strong compression waves are

generated inside the plasma. Due to the high energy densities produced, radiative

processes might become relevant in the propagation of shock waves. This section

focuses on the fluid description of planar shock waves and their radiative properties.

Conservation equations

Let us formulate the fluid equations of section 2.1 for a dynamical system, e.g. an

ideal gas, which is neutral and unmagnetised and that is governed by pressure forces

only.

Conservation of mass translates into a scalar equation for density ρ and local fluid

velocity u

∂ρ

∂t
+∇ · ρu = 0 . (2.31)

Conservation of momentum includes a contribution from pressure force p

∂u

∂t
+ u · ∇u = −1

ρ
∇p , (2.32)

and local conservation of energy gives

∂

∂t
(ρε +

ρu2

2
) = −∇ · [ρu(ε +

u2

2
) + pu] , (2.33)

where ε is the internal specific energy.

The equation of state (EOS) of the examined system (fluid, gas, plasma) is needed

in order to close this set of 5 equations in 6 variables. For the simple case of a perfect

gas, the internal specific energy is given by ε = CvT , where Cv is the specific heat

coefficient at constant volume, and T is the temperature. For this ideal situation,

the EOS reads

p = ρRT , (2.34)

where R = R/µ0 is the gas constant per unit mass, and µ0 is the molar mass of the

gas.
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Sound waves

Small disturbances in a fluid propagate at a characteristic velocity cs called the speed

of sound. The propagation of sound waves can be obtained from the fluid equations

for density and momentum conservation, considering a one-dimensional adiabatic

perturbation. Inserting ρ = ρ0 +∆ρ and p = p0 +∆p in the equations 2.31 and 2.32,

and neglecting second-order terms in the perturbations ∆ρ and ∆p, a wave equation

is obtained

∂2∆ρ

∂t2
= c2

s

∂2∆ρ

∂x2
. (2.35)

The sound velocity for a perfect gas is given by the isentropic derivative

c2
s =

(
∂p

∂ρ

)
S

= γ
p

ρ
= γRT , (2.36)

where γ is the specific heat ratio, which equals 5/3 for a monatomic ideal gas, and

is 7/5 for diatomic gases.

The adjectives subsonic and supersonic refer to phenomena (e.g. energy transport)

which propagate through the fluid at a speed respectively lower or higher than the

local sound velocity cs.

Formation of a shock wave

Since the sound velocity is a function of temperature, different parts of a wave

travel at different velocities according to the local temperature. In the crest, where

the amplitude of a wave reaches its maximum, compression heats the fluid to a

temperature higher than in the surrounding parts. Therefore the wave crest travels

at a speed higher than the front, and eventually catches it up, causing a steepening

in the wave profile, as shown in figure 2.2.

When a large pressure is suddenly applied to a fluid system, then the linear

regime of acoustic waves breaks down, and a wave develops in which the dynamic

variables change discontinuously. Such a wave is called a shock wave, and ideally is

represented as a discontinuity in the profiles of various dynamic variables (figure 2.3).
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x-cst 0 x-cst 1 x-cst 2

Figure 2.2: Profile steepening leads to shock formation

The front velocity is governed by the sound speed in the compressed region. The

shock propagates at supersonic velocity with respect to the undisturbed fluid ahead

of it, and at subsonic velocity with respect to the compressed fluid immediately

behind it.

Planar shock waves

The best way to get an insight into the formation and evolution of shock waves is

to consider a system in which the dynamic variables are a function of time and one

spatial coordinate only. In this case 2D or 3D spatial effects are neglected and the

shock front locally approximates to a planar wave front. When perturbations in the

wave front have characteristic wavelengths smaller than the shock wave thickness,

then such a simplification is not satisfactory, and other spatial dimensions have to

be included in the model.

Let us consider a steady shock wave propagating at a constant velocity D in the

laboratory frame, and express the conservation equations across the discontinuity.

In the reference frame in which the shock wave discontinuity is at rest

ρ1u1 = ρ0u0 , (2.37)

p1 + ρ1u
2
1 = p0 + ρ0u

2
0 , (2.38)

ε1 +
p1

ρ1

+
u2

1

2
= ε0 +

p0

ρ0

+
u2

0

2
, (2.39)

where u0 = D is the velocity at which undisturbed gas flows into the discontinuity,

and u1 is the velocity of gas particles flowing out of the discontinuity. In the case
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x

r

u0 u1

Figure 2.3: Density profile of an ideal shock

of a perfect gas, the formula for internal energy ε = CvT can be inserted in these

equations, giving the Rankine-Hugoniot relations for a shock wave

p1

p0

=
(γ + 1)V0 − (γ − 1)V1

(γ + 1)V1 − (γ − 1)V0

, (2.40)

ρ1

ρ0

=
V0

V1

=
(γ + 1)p1 + (γ − 1)p0

(γ + 1)p0 + (γ − 1)p1

, (2.41)

T1

T0

=
p1V1

p0V0

, (2.42)

where Vi = 1
ρi

is the specific volume.

From the expression for the entropy, S of a perfect gas S = Cv ln pV γ, the change

in entropy between initial and final states is given by

S1 − S0 = Cv ln
p1V

γ
1

p0V
γ
0

. (2.43)

Expressing the ratios of dynamic variables in the following simplified notation

a10 =
a1

a0

,

the Hugoniot equation 2.40 reads

p10 =
(γ + 1)ρ10 − (γ − 1)

(γ + 1)− (γ − 1)ρ10

. (2.44)

This Hugoniot curve is plotted against the adiabatic compression curve in figure 2.4.

In the limit of weak shocks (p10 ≈ 1), the two curves are coincident. This is consistent
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Figure 2.4: Compression in the PV plane

with the fact that the weak limit of a shock wave is a sound wave, i.e. an adiabatic

perturbation. When the compression ratio ρ10 becomes greater than 2, the Hugoniot

significantly departs from the adiabatic curve. There is a limit on the compression

achievable with a single shock, and it is determined by the specific heat ratio γ. If γ

is assumed to be constant along the Hugoniot, then the limit for strong shock gives

lim
p10→∞

ρ10 =
γ + 1

γ − 1
. (2.45)

Consequently, the limiting compression in a perfect gas (γ = 5
3
) is four, and is six

in a diatomic gas (γ = 7
5
).

In applications where it is vital to achieve the highest possible compression, while

keeping the heating of the fluid to a minimum, the best solution would be to drive

a series of subsequent shocks of increasing magnitude as illustrated in figure 2.5.
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Figure 2.5: Series of shocks approaching adiabatic compression

Shock front structure

The actual front of a shock wave is a transition region of finite thickness, in which

large gradients in the flow variables are present. Viscous forces are responsible for

the redistribution of the directed kinetic energy of the wave into thermal energy of

the fluid. Therefore the thickness of this region is of the order of a molecular mean

free path.

Depending on the strength of the shock, many phenomena may occur, including

molecular dissociation and ionization. As the strength of a shock increases, material

flowing into the discontinuity is compressed and heated so strongly, that eventually

the thermal radiation emitted begins to affect the propagation of the shock.

The radiation flux is absorbed in the layer ahead of the wave front. The thickness

of this layer corresponds to about one photon mean free path (this is defined as

the penetration length of radiation, averaged over the entire emitted spectrum).5

The absorption of radiation ahead of the shock preheats the material before it falls

5the photon mean free path is generally several orders of magnitude longer than the molecular

m.f.p. [Zeldovic and Raizer, 1966], therefore in fig. 2.6 to 2.7 only the radiation layer is shown.
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Figure 2.6: Temperature step in an ideal shock, and sub-critical shock (Tpreheat < T1).

into the discontinuity. The compression wave then heats the fluid to a temperature

Tsuperheat higher than in a non-radiative shock. Immediately after the shock front, the

material cools down to the final temperature T1 emitting radiation. This produces

a peak in temperature known as super-heated spike.

Right panel of figure 2.6 shows the temperature profile for a sub-critical radiative

shock. In this case the temperature of the radiation preheated material is lower than

the final temperature T1 .

A radiative shock is said to be critical when Tpreheat equals T1 , as shown in figure 2.7.
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T
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T
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Figure 2.7: Critical shock (Tpreheat = T1), and super-critical shock.

The preheated region stretches ahead of the shock for a few photon mean free paths;

increasing further the shock strength, the radiation is absorbed and re-emitted in

the preheated material.
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In a super-critical wave, radiation preheating is so high, that the super-heated spike

due to hydrodynamic compression is almost undetectable. Increasing the energy

density beyond this stage, the energy transport in the shock wave is dominated by

the radiation transport, and the discontinuity in the flow parameters disappears.



Chapter 3

Laser-produced proton beams

Particle acceleration by means of plasma and its potential applications are among

the most promising ways to generate powerful and compact accelerators. Being

already electrically broken-down (i.e. ionised), a plasma can easily sustain electric

fields of the order of GV/m, whereas the breakdown threshold for common materials

is of the order of 20 MV/m. The macroscopic electric field E in a plasma is linked

to the temperature Te and density scalelength Ln by some relation of the kind

E ∝ Te

e

1

Ln

. (3.1)

In laser produced plasmas, temperatures of the order of 1 keV and density

scalelengths of 100 µm or less are generated at moderate intensities of the order

of 1014 Wcm−2. These parameters correspond to electric fields of about 100 MV/m

inside the plasma.

If those large electric fields were effectively coupled to an ion population, the plasma

could in principle act as an ion accelerator.

This chapter focuses on the generation of multi-MeV proton beams using ultra-

intense laser pulses. Various possible mechanisms of particle acceleration in the

axial direction are described, and a characterization of the proton source used in the

experiments presented in this thesis is given.
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3.1 Axial ion acceleration mechanisms in laser-

solid interactions

This section is intended to offer a review of the most effective mechanisms that can

accelerate heavy particles in the interaction of a laser pulse with a solid target. We

focus our attention on the coupling of laser energy to a small population of high

energy ions directed axially along the laser direction.

Direct acceleration by the laser field has to be neglected, since ions have a much

greater inertia than electrons and tend to respond to the laser field on very long

timescales. The most efficient energy chain is therefore from the laser pulse to high

energy electrons, and from these to the ions.

Fast ions emitted from laser irradiated targets have been observed and measured in

experiments since the early 1960’s. Gitomer et al compiled data from experiments

on laser-solid interaction with ns pulses and compared results from 26 different

laboratories. At irradiances higher than Iλ2 = 1014 Wcm−2µm2, it was found that

the mean ion energy scales as

Eion ' 4.6 Th keV/nucleon, (3.2)

where Th is the hot electron temperature expressed in keV[Gitomer et al., 1986].

This relation holds regardless of target composition, and in a variety of different

experimental conditions. The ion acceleration mechanism was described as an iso-

thermal rarefaction sustained by the laser energy input. The independence from

target material suggests that the main ion signal comes from protons contained in a

surface layer of hydrocarbon contaminants. This layer is usually present on targets

under normal preparation and handling conditions. The layer is typically about

20Å thick. Hydrogen atoms tend to ionise first, and protons react quicker than

other ion species to the accelerating fields, thanks to the high value of their q/m

charge-to-mass ratio. The proton population soon depletes the energy provided by

the accelerating mechanism, so that heavier ions are not accelerated to significant

energies. This interpretation has been tested by removing the contaminant layer
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prior to laser irradiation, e.g. by resistive heating[Roth et al., 2002]. In this case,

the proton signal is suppressed, and the ions from the target constituents are accel-

erated to high energy.

Given that the hot electron temperature follows the approximate relation Th ∝

(Iλ2)0.45 over the irradiance range from 1010 to 1018 Wcm−2µm2, the mean proton

energy can be expressed as

Eion ∝ (Iλ2)0.45. (3.3)

This scaling law was first obtained[Gitomer et al., 1986] for ns pulses and long

wavelength (λ = 10 µm), and then confirmed for ps laser-solid interaction with

shorter wavelength (λ = 1 µm) extending the irradiance range up 1019 Wcm−2µm2 [Fews

et al., 1994, Beg et al., 1997].

Until recently, the most energetic ions were seen emerging from the front-side of the

target, i.e. the face of the target directly irradiated by the laser pulse. The progress

in CPA technology and the new intensity regimes accessible to experiments led to

the observation of energetic ion beams from the rear-side of the target as well. These

beams were generated in the (sub)-picosecond interaction with thin foil targets at

intensity greater than 5·1018 Wcm−2. Again it was found that ions present in such

beams were mainly protons. The rear-side proton beams possess unique properties

that make them suitable for high-resolution time-resolved radiographic applications.

Figure 3.1 illustrates the mechanisms that contribute to the formation of a proton

beam from the rear-side of a target. At very high intensities, a small plasma will

form in front of the target due to the presence of an amplified spontaneous emission

(ASE) pedestal. The ASE has typically a duration of a few nanoseconds and a con-

trast ratio to the peak of the laser pulse of the order of 10−4 − 10−6[Snavely et al.,

2000, Danson et al., 1998]. Therefore laser-solid interaction at high intensity usually

implies the interaction of a short pulse with a preformed plasma having a density

scalelength of a few tens of microns. A first mechanism that can axially accelerate

ions in such interactions is the holeboring effect, where the light pressure acts as

a piston on the laser-plasma interface[Wilks et al., 1992]. This interface is pushed

inwards by the laser and ions acquire energies of the order of an MeV/nucleon at a
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Figure 3.1: Schematic diagram of the proton beam formation at the rear-side of a target.

typical intensity of 1019 Wcm−2.

The maximum energy of ions accelerated by the laser piston can be estimated by

Eholeboring ∼ 2M u2
r = 2

√
2 a Z · 0.511 MeV, (3.4)

where M and Z are the ion mass and charge state, ur is the velocity of the laser pis-

ton and a is the dimensionless laser amplitude1. This equation yields E ∼ 2.8 MeV

for protons and for a typical irradiance of 1019 Wcm−2µm2[Pukhov, 2001].

A large fraction of laser energy is absorbed at the laser-plasma interface and trans-

ferred to a population of energetic electrons. As much as 25 − 50% of input laser

energy is channelled into bursts of hot electrons eh that penetrate the target with

energy of the order of a few MeV, as PIC code simulations predict[Wilks et al., 1992,

Pukhov, 2001]. As the electron beam propagates into the target, a return current

of “cold” bulk electrons arises as a reaction to the large current jh carried by the

hot electrons. The return current jc propagates in the direction opposite to jh en-

suring quasi-neutrality in the plasma. The electric field E = η jc that drives the

return current is expected to have an amplitude of about 1011V/m in this intensity

1The dimensionless laser amplitude is defined as a = e E
mecωlaser

, and in practical units reads

a =
√

Iλ2[Wcm−2 µm2]
2.74· 1018



3.2 Characterization of the rear-side proton source 36

regime[Davies et al., 1999]. This E field, that does not appear in collisionless PIC

simulations, can accelerate ions further into the target. The energy gain for a proton

would be about one MeV in a few tens of microns thick target.

Finally the region where ions experience the largest accelerating fields is at the rear

side of the foil target. The hot electron beam transports through the target under

the collimating force of the self-generated magnetic field. At the rear side the hot

electrons escape into the vacuum and are pulled back by the electrostatic field gen-

erated by charge separation. A Debye sheath is formed by the hot electrons trying

to leave the target and ions are accelerated up to several MeV. The electrostatic

field Esheath is expected to scale as

Esheath ∼
kBTh

e

1

Ln

, (3.5)

where Th is the hot electron temperature, and Ln is the density scalelength of the

ions at the rear surface[Hatchett et al., 2000]. In the presence of a very steep

density gradient (Ln ∼ 1 µm or less) and for hot electrons of high temperature

(Th ≥ 1 MeV), the accelerating field can be larger than 1012V/m. Proton spectra

with 6 MeV temperature and maximum proton energy Emax ∼ 50 MeV have been

reported in experiments conducted at Iλ2 = 3·1020 Wcm−2µm2[Snavely et al., 2000].

3.2 Characterization of the rear-side proton source

Laser-generated proton beams have been successfully employed to produce radio-

graphs of small objects in a point-projection configuration.2 Figure 3.2 presents a

sample of radiographs taken with proton beams. The fact that an image of the

object is formed in the film plane is a clear indication that the proton beam is elec-

trically quasi-neutral. Moreover the deviation from neutrality within the beam is

quite small, since the image on film is consistent with the geometrical magnifica-

tion of a point-projection system. Such proton beams can be therefore described

as micro-plasmas containing 1012−13 protons surrounded by a neutralising cloud of

2see section 5.1 for the description of a point-projection imaging system.
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Figure 3.2: Proton radiography of a) a copper mesh, and b) a pair of Kevlar wires

[Borghesi, priv. comm.].

electrons. The micro-plasma should have a low transverse temperature T⊥, since the

thermal agitation would tend to destroy and deform the image.

The protons propagate inside a cone that in most experiments has a half angle

aperture of about 20o. The divergence depends actually on the proton energy con-

sidered, becoming smaller for higher energy components of the beam. Penumbral

transition measurements of sharp edge objects, such as a surgical knife blade, in-

dicate that the transition width is consistent with a source size of about 10 µm in

diameter for protons of energy greater than 5 MeV.

The electrostatic sheath that accelerates protons at the rear side of a laser-

irradiated foil has a typical scalelength of less than ten microns. In fact it has been

observed that a density scalelength of the order of few tens of micron at the rear side

can dramatically inhibit the proton acceleration mechanism[Mackinnon et al., 2001].

The proton source position is usually identified with the rear surface of the foil, since

it is there that protons are accelerated. Accurate magnification tests performed on

fine meshes[Borghesi et al., 2003a] show that the magnification factor is not linearly

proportional to the rear-side-to-target distance, but is consistent with an effective

virtual source placed a few hundred micron in front of the foil. The actual size of the

source, i.e. the area over which protons are extracted from the foil target, appears

to have a diameter of 100 to 300 µm, depending on the proton energy.

The dependence of proton beam characteristics on the foil composition can be qual-
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Figure 3.3: Proton beam cross-sections from Al foil targets under the same irradiation

conditions. Two energy components of the beam are presented for a 3 µm thick foil (left)

and for a 25 µm thick foil (right).

itatively summarised by the following observations. In the same irradiation con-

ditions, plastic foils produce a larger proton signal when compared to metal foils.

This is probably due to the higher abundance of protons in CH compounds, whereas

pure metals and alloys contain a relatively small number of hydrocarbon contam-

inants under normal preparation and handling conditions. Thin foils, e.g. a few

microns thick, give rise to noisy proton beams, i.e. beams in which a significant

non-uniformity is present across the beam (see figure 3.3). More uniform beams,

suitable for proton radiographic applications, can be obtained using thicker targets,

typically 25 to 100 µm in thickness. On the other hand, beams produced on thicker

targets are less energetic and contain a smaller number of protons.



Chapter 4

The stopping of charged particles

in matter

When an accelerated particle propagates through matter, it loses energy in interac-

tions with the constituents of the medium. Heavy particles at moderately relativistic

energy deposit their energy in matter primarily by ionisation. On the contrary, light

particles like electrons and hadrons at ultra-relativistic energies lose energy mainly

by emission of radiation.

In the following chapter we shall focus our analysis on non-relativistic or near-

relativistic protons interacting with solid targets.

As the particle travels through the material, it undergoes a series of collisions with

the electrons and the nucleons in the target. The several terms that build up to

the total stopping cross-section can be divided into two parts: the nuclear stopping

cross-section and the electronic stopping cross-section. In the electronic cross-section

are included all those processes in which the particle transfers its energy to the target

electrons, such as [Ziegler et al., 1985]:

1. Direct kinetic energy transfers to target electrons, mainly due to electron-

electron collisions.

2. Excitation or ionisation of target atoms.
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3. Excitation of band- or conduction-electrons.

4. Excitation, ionisation or electron-capture of the incident particle.

In the case of a proton, number 1. reduces to just proton-electron scattering, and

number 4. includes only neutralisation capture of one electron.

The nuclear stopping cross-section takes into account energy transfers from the

incident particle to the target nuclei. During the short time of passage of the particle,

the target nucleus can be assumed to be unconnected to its lattice, and the inter-

action can be described as an elastic scattering of two screened particles. In the

MeV-energy range, the nuclear stopping for protons in solids is about a factor of

10−3 smaller than the electronic stopping (see figure 4.1), but becomes important

at low energy. For protons on plastic, the nuclear stopping amounts to about 3

keV/ µm at 1 keV kinetic energy, whereas the electronic stopping is about five times

as much, 15 keV/ µm. Therefore the nuclear stopping contributes to the very end

of the stopping curve, i.e. to the last micron or less, and we shall not consider it in

the rest of our discussion.

Figure 4.1: Nuclear and electronic stopping power for protons on aluminium.
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4.1 The electronic stopping power

For any given pair of incident particle and target, the energy loss cross-section is

found to be a strongly-varying function of the particle velocity. Presently there is

not a single unifying theory that can describe the stopping power over all range of

energies, because different atomic properties of the target and of the incident particle

itself become relevant at different energy regimes. Figure 4.2 shows the integrated

cross-section for electronic stopping of muons in copper. With reference to that, it

is possible to define three major energy ranges:

Energy Gamma factor Normalised momentum Framework

MeV/amu γ βγ

< 10 < 1.01 < 0.15 Lindhard

10− 106 1.01− 1000 0.15− 1000 Bethe-Bloch

> 106 > 1000 > 1000 Radiative losses

In the mid-energy range, from 10 MeV/amu up to 1 TeV/amu, the electronic

stopping is well described by the Bethe-Block theory [Bethe, 1930, Bloch, 1933],

which treats the energy transfer from the incident particle to the target nuclei as

the scattering of a charged particle from an isolated atom.

At low energies, below 10 MeV/amu, the velocity of the particle becomes comparable

or even lower than that of target electrons. This requires taking into account the

interaction between the target atoms, which cannot be considered isolated anymore.

The Lindhard treatment [Lindhard, 1954] of low-energy collisions is based on the

modelling of the target as a plasma of electrons. This approach allows the inclusion in

the stopping cross-section of energy transfers to collective processes such as dynamic

polarisation of the electron plasma and excitation of plasmons.

In the ultra-relativistic energy range, at more than 1 TeV/amu, radiative processes

such as e+e− pair production and bremsstrahlung become dominant and contribute

to the major fraction of energy loss.

In our experiments, the maximum proton energy was about 30 MeV. Therefore we

shall give in the following a description of the Lindhard and Bethe-Bloch theories.
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Figure 4.2: Electronic stopping power for muons on copper [Groom et al., 2000].

4.1.1 The Bethe theory

In this formulation, the incident particle interacts with a single atom, usually in

its ground state. The velocity of the particle is taken to be “fast” with respect to

the mean orbital velocity of atomic electrons. In these conditions, the interaction

may be regarded as impulsive, i.e. as a small and sudden perturbation of the atom.

The target atom is described as a collection of independent harmonic oscillators,

each one sharing a fraction of the total energy and momentum transfer between the

incident particle and the atom as a whole[Inokuti, 1971].

The mean rate of energy loss is called the stopping power of the material and is

given by the Bethe-Block equation[Groom et al., 2000],

−dE

dx
= Kz2Z

A

1

β2

[1

2
ln

2mec
2β2γ2Tmax

I2
− β2

]
. (4.1)

Here z is the charge of incident particle, β and γ are its relativistic parameters.

Z and A are the atomic number and the atomic mass of the medium.

Tmax represents the maximum kinetic energy that can be given to a free electron in
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Figure 4.3: Mean excitation energy I as a function of the atomic number Z; from

http://physics.nist.gov/PhysRefData/XRayMassCoef/tab1.html

a single binary collision, and reads

Tmax =
2mec

2β2γ2

1 + 2γme/M + (me/M)2
.

The parameter that actually encloses most of the peculiarities of the target material

is I, the mean excitation energy of the material. Estimates for I are obtained

from experimental measurements of stopping-power for protons, deuterons and alpha

particles in a wide range of elements and materials (see figure 4.3).

The constant K in equation 4.1 reads 0.307 MeVmol−1cm2. The units are chosen

so that dx is measured in mass per unit area (usually in g cm−2), and the stopping

power is expressed in MeV/g cm−2.

This formula is accurate to about 1% for protons in solid elements (e.g. aluminium)

in the 1MeV - 100 MeV energy range.
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4.1.2 Lindhard’s approach

At energies less than 10 MeV per nucleon, the incident particle feels the interaction of

many target electrons at the same time. When the velocity of the particle becomes

comparable to that of atomic electrons, these have time to propagate the effects

of the interaction around and ahead of the particle track. As a consequence, the

interaction is best described as that of a charged particle with a gas of free electrons.

From this consideration firstly explored by Fermi in the 1940’s, Lindhard developed

a model that is easily adapted to elementary particles and to light and heavy ions

as well[Lindhard, 1954]. The target is described as a zero-temperature gas of free

electrons1 on a fixed uniform positive background. The initial electron plasma is of

constant density, and the interaction of an incident charged particle is described as

a perturbation on the electron gas.

The total electronic stopping Se may be formulated as

Se =

∫
I(v, ρ)Z2

inc ρ dV . (4.2)

Here I(v, ρ) is the stopping interaction function of a particle of unit charge with

velocity v and for an electron plasma density ρ; Zinc is the charge of the incident

particle; ρ is the electronic density of the target, and the integral is computed over

the whole volume of the target.

A few remarks are necessary here to clarify the underlying assumptions made in

the derivation of equation 4.2. As we said, the electron plasma is a degenerate free

electron gas at zero temperature. Therefore the electronic density ρ is locally that

of a target atom in its ground state. The local density approximation is assumed

throughout the derivation. This means that the averaged interaction of an incident

particle with a uniform electron plasma is equal to the averaged interaction of a unit

volume of plasma with a particle uniformly probable inside the volume itself. The

unit volume is chosen to be the smallest cell that encloses the solid-state properties

of the target, and usually corresponds to the elementary crystal cell.

1Zero-temperature electrons are described as de-localised particles, i.e. as plane waves.
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The charge state Zinc of the projectile is not constant during the interaction, and

should be replaced by its effective value Z∗inc. Electron capture events and ionisation

of the projectile can change dynamically the value of Z∗inc. Furthermore, the po-

larisation induced on the electron gas leads to charge-screened Coulomb interaction

between the plasma and the particle, effectively changing the charge state Z∗inc.

Finally, the interaction function I(v, ρ) describes the averaged interaction of a unit

charge particle with a uniform electron plasma of density ρ. It is found that the

Fermi velocity of the electrons

vF =
~

me

(3π2ρ)
1
3 (4.3)

is an important parameter for the interaction. For a fixed particle velocity v, the

interaction I has an almost constant value at low electron densities, where v > vF .

At higher densities for which v ≤ vF , electrons become faster than the projectile,

and collisions become more adiabatic. As a result, the interaction decreases for

increasing ρ.

4.2 The stopping curve

As it propagates through the target, the incident particle deposits energy along its

trajectory. The energy loss is a function of the particle velocity, as we have seen in

the preceding sections. Figure 4.4 shows the energy deposition curve for a 20 MeV

proton on Mylar. The energy loss per unit length is plotted against the penetration

depth of the particle. As the projectile slows down, the stopping power increases

leading to the formation of a peak in energy deposition, called the Bragg peak. In the

plateau region that precedes the peak, the particle loses energy mainly by ionisation

of the target atoms. Recombination will then reestablish the charge neutrality of

the solid lattice. Near the peak instead the energy transferred to the target can

cause damage to the solid structure and break inter-atomic and molecular bonds.

This will lead to permanent disruption of the target lattice. Different nuclear track

detectors can be made that are sensitive to the total deposited energy (dose) or to
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Figure 4.4: Energy deposition of 20 MeV protons on Mylar.

just the instantaneous loss rate.

The trajectory of a particle is the result of a series of collisions. At high velocity, the

particle is deflected through small angles, whereas at lower velocity the probability of

a large angle deflection increases. The straggling of particles impinging on targets is a

stochastic process, as illustrated in figure 4.5, where a series of trajectories is shown.

Each track corresponds to the path followed by a proton hitting the target at normal

incidence on the same point. Every proton has the same energy. It is then clear

that, even in the case of a perfectly collimated monoenergetic beam of particles, the

stopping process will introduce a finite divergence in the propagating beam. This

is what is called the lateral straggling of the beam. At the same rate, there is a

stochastic indetermination on the penetration depth into the target. As a result of

longitudinal straggling, the Bragg peak broadens and decreases in maximum value as

the particle energy and therefore the penetration distance are increased. Figure 4.6

presents a series of stopping curves for protons in mylar for energies ranging from 1

to 10 MeV.

Clearly the presence of finite lateral and longitudinal straggling in every stopping
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Figure 4.5: Simulated proton trajectories for 4.5MeV particles hitting normally a double

layered target.

process sets an upper limit to the resolution achievable in imaging techniques that

make use of charged particles.

In the experiments described in this thesis, the particle detector used to measure

laser-generated proton beams was made of aluminium and Mylar plastic at solid

density. Figure 4.7 presents the stopping power for protons in these two materials.
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10 MeV

1 MeV

Figure 4.6: Series of stopping curves for protons in Mylar at 1 MeV step.

Figure 4.7: Total stopping power of protons in aluminium and Mylar (source: NIST

tables). Protons detected in the presented experiments had a kinetic energy, before enter-

ing the detector, located in the grey band.



Chapter 5

Diagnostic tools and techniques

The experimental observations and results presented in this thesis have been possible

thanks to use of advanced and powerful diagnostic tools. The study of laser-plasma

interactions presents a formidable challenge to present-day technology. In fact the

phenomena studied in this thesis have typical scalelengths ranging from a fraction

of a millimeter to a micron. Moreover the time resolution necessary to describe

the evolution of the interaction was of the order of 1 to 100 picoseconds. For the

experimental studies different diagnostic techniques have been used. This chapter

presents a review of the main diagnostics used in the experiments.

5.1 Point-projection X-ray absorption spectroscopy

This powerful and versatile technique combines an imaging system of the target with

information on the density and temperature of the plasma sample in the line of sight.

Following earlier work in this field [Hoarty et al., 1997, 1999], the diagnostic was

employed in the observation of laser-generated shock waves in low density foams, as

reported in chapter 6.

A point-projection X-ray system consists of an X-ray point source which produces

a flash of radiation. The X-rays are used to backlight the target (e.g. a plasma
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Figure 5.1: Point-projection imaging system. The intensity profile on screen is drawn

on the right-hand side.

sample) and are recorded on X-ray sensitive film. In our experiments the point

source was generated by irradiating the tip of a gold pin with a short laser pulse.

Figure 5.1 presents a schematic diagram of the point-projection imaging technique.

The geometric magnification M is given by

M =
s + L

s
= 1 +

L

s
, (5.1)

where s is the source-to-target distance, and L is the target-to-film distance.

The spatial resolution can be estimated from obscuration tests. An object with

a sharp edge and opaque to X-ray radiation is placed in the emission cone of the

source, and its shadow is recorded on X-ray film. The intensity profile on screen

would be a step profile in the case of an ideal point-source. The finite extent of

the actual source produces a smoothed intensity profile, as shown in figure 5.1. The

transition width δx on screen relayed to the target plane can be used to estimate

the resolution δt of the imaging system (Rayleigh criterion)

δt =
δx

M
. (5.2)

Here δt is the minimum distance of two points in the target plane that result in

separate images on the film plane. Given the relation δx
L

= δs
s
, where δs is the

source diameter, the resolution on target can be expressed as

δt = δs
M − 1

M
∼ δs for M � 1 . (5.3)
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Hence it can be seen that for magnification factors M greater than 10, the dimen-

sion of the source corresponds to the smallest resolved features on the target plane.

Conversely, the transition width δx can be used to estimate the effective source size,

namely δs = δx/(M − 1).

The actual set-up used in the work presented in the thesis combined the point-

projection imaging system just described with an X-ray spectrometer. This addition

allowed the separation on the film plane of the spectral components of the radiation

coming from and through the plasma sample. Figure 5.3 shows a cross-sectional

diagram of the spectrometer used in the experiments. The X-ray point source was

placed in front of the spectrometer’s aperture. Some of the X-rays emitted from

this backlighter probed the plasma and entered the spectrometer through a light-

tight Be filter. After reflection from the crystal, the X-rays were recorded on film.

An annular magnet deflected charged particles coming from the plasma to avoid

damaging of the crystal inside the spectrometer.

By rotating the plane of the crystal it was possible to select the spectral range

recorded on film.

A flat crystal separates spectral components according to Bragg’s law

nλ = 2d sin θB , (5.4)

where n is the order of interference, λ is the wavelength, 2d is twice the spacing

between planes in the crystal, and θB is the Bragg’s angle. This angle corresponds

to constructive interference for a particular wavelength. Each atom acts as a scat-

tering centre for the incident beam (see figure 5.2). The difference in path length

between rays emerging from planes in the crystal is a multiple of 2d sin θB. There-

fore constructive interference is obtained for the wavelength that satisfies Bragg’s

law, whereas contribution from other wavelengths average to zero due to the large

number of scattering planes.

The Rubidium Acid Phthalate (RbAP) crystal used in the experiment has a 2d

spacing of 26.12 Å, which places an upper limit upon the measurable wavelength of
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Figure 5.2: Scattering from crystal planes.

λ = 26.12 Å. In the experiment the crystal was tilted to an angle of about 9o to the

incoming radiation, in order to record on film the wavelength range from 3.2 to 5.6

Å (from 2.2 to 3.8 keV).

A RbAP crystal has a resolving power E/∆E ∼ 850 [Burek, 1976], which corres-

ponds to 3 eV resolution at 2.6 keV. This value must be corrected for the finite

extension of the source.

film plane

RbAP crystal

plasma

point source

magnet

Figure 5.3: Spectrometer (section).
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5.2 Optical probing

The diagnostics based on optical probing comprise a vast number of different tech-

niques, all of which use an independent laser beam to perform measurements of the

plasma produced during the main laser interaction.

The presence of plasma in the line of propagation of this reference beam, also called

probe beam, is diagnosed by detecting the modifications (e.g. phase variations or

angular deflections) induced on the beam. The term optical probing, as opposed to

X-ray probing, suggests that usually the probe wavelength is in or near the visible

region of the spectrum. In general, higher harmonics of the interaction frequency

are used to reduce the noise coming from the laser pulse.

In our experiments we used the 4th harmonic for better image contrast and higher

depth of probing. The probe pulse was obtained by splitting a fraction of the un-

compressed interaction pulse. As it will be seen in section 5.2.2, the probe and the

interaction beam could be synchronised at the centre of interaction to within a few

picoseconds, because both beams originated from the same pulse. After passing

through the amplification stage, the probe beam was recompressed in a pair of grat-

ings to a duration of 1-2 ps. The probe beam was converted into the fourth harmonic

by passing through a type I KDP crystal and then through a type II KDP crystal,

resulting in a wavelength of 266 nm.

The set-up used in the experiment is depicted in figure 5.4. The collimated probe

beam entered and exited the interaction chamber through fused silica windows,

which transmit UV radiation. After passing through the plasma, the probe was

collected by an f/4 UV microscope objective which imaged the target plane on a

screen outside the vacuum chamber. The best-focus position for the objective was

checked by placing a 50 µm wire in the interaction centre and by taking a series of

exposures corresponding to different objective-to-wire distances. The screen posi-

tion was established in order to obtain a magnification on film of about 50 times.

An aperture was placed in the Fourier plane of the lens and acted as a frequency

spatial filter, letting through only a narrow band of frequencies around the probe
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Figure 5.4: Set-up for optical probing with a collimated probe beam.

frequency. Clearly the aperture was effective at filtering only rays almost parallel to

the probe. In order to suppress the plasma self-emission radiation that went through

the spatial filter, an interference filter, with passing bandwidth centred on the probe

wavelength, was used to significantly reduce the intensity of the self-emission on

film.

5.2.1 Interferometry

This technique is mainly used to measure density profiles and density modulations

in a plasma. It is based on the phase map alterations induced by changes of the

refractive index caused by the plasma. The relation that links the refractive index

η to the electron density and the critical density reads

η =

√
1− ne

nc

. (5.5)

A probe beam going through a plasma acquires a phase difference ∆φ with respect

to a beam that has travelled the same distance L in vacuum as a result of the

modifications in the refractive index. The phase difference across the probe beam is
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Figure 5.5: Cylindrical symmetric electron density profile and the plane section used in

the evaluation of the phase shift integral.

given by the following integral along the propagation direction y of the probe

∆φ(x, z) = −2π

λ

∫
L

dy (η(x, y, z)− 1) (5.6)

Restricting our analysis to regions where the electron density is much smaller than

the critical density ne � nc, the refractive index can be approximated by η ≈ 1− ne

2nc
,

and the phase integral is reduced to

∆φ(x, z) =
π

λ nc

∫
L

dy ne(x, y, z) (5.7)

In cases where the electron density exhibits a cylindrical symmetry of the type

ne(x, y, z) = ne(r, z), it is possible to invert[Barr, 1962] the integral analytically, and

ne can be expressed as a function of the phase shift. Referring to diagram 5.5 for the

interpretation of the geometry, the phase shift integral 5.7 in cylindrical coordinates

becomes

∆φ(x, z) =
2π

λ nc

∫ r=r0

r=x

ne(r, z)√
r2 − x2

r dr , (5.8)

where r0 represents the plasma boundary (ne 6= 0) for each z plane considered.

Equation 5.8 is one form of Abel’s integral equation, and it can be analytically
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inverted under the assumption that ne(r, z) = 0 for r > r0 giving the electron

density[Barr, 1962]

ne(r, z) = −λ nc

π2

∫ r0

r

∂∆φ(x, z)

∂x

dx√
x2 − r2

. (5.9)

Observing the symmetry of collected interferograms and comparing them with 2D

simulations of the plasma expansion in our experimental conditions, we can state

with confidence that all the assumptions made in deriving equation 5.9 are fulfilled

in our experiments, and one is left with the task of calculating the phase integral

with numerical methods.

In the data analysis we adopted the algorithm described in [Barr, 1962], which has

the advantage of being computationally fast and relatively insensitive to small ran-

dom errors in the data, since it has a built-in smoothing procedure. Once the phase

distribution has been obtained from the interferogram in a matrix form ∆φ(xi, zj)

(see section 5.2.1), the axis of symmetry is identified and the phase is resampled

in 21 points uniformly spaced in the outward radial direction starting from r = 0.

Each row of the ∆φ matrix is then multiplied by the 21x21 βkn matrix of the Barr

coefficients, which performs the smoothing on the data and at the same time gives

as a result the Abel inversion of the phase distribution.

Set-up for interferometric measurements

In the experiments reported in chapters 7 and 8 an interferometer was used to

measure the density profile of the plasma at different times during the laser interac-

tion. The interferometer was set up in a Nomarski modified configuration [Benattar

et al., 1979, Borghesi et al., 1998], in which a birefringent Wollaston prism is used

to generate interference between two parts of the probe beam. The experimental

arrangement is depicted in figure 5.6. The phase object O ( in our case the plasma

) is relayed by the lens L on the film plane. The Wollaston prism W is set after the

Fourier plane of L and splits the probe beam into two orthogonally polarised beams,

that appear to be coming from two virtual foci F’ and F”. Setting appropriately the
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Figure 5.6: A modified Nomarski interferometer.

distance of the film plane from the prism, the two orthogonally polarised images can

be made to overlap in a central region. The polariser P1 selects a linearly polarised

component of the probe. The polariser P2 is rotated to 45 degrees with respect to

each polarised beam that leaves the Wollaston prism, so that on the film plane two

images of equal intensity and polarisation are produced. In the overlapping region

a fringe pattern is generated with inter-fringe separation ∆x given by

∆x =
λ

ε

p

q
, (5.10)

where λ is the probe wavelength, p and q are the distance of the Wollaston from

the Fourier plane of L and from the image plane respectively. The aperture ε of the

prism used in the set-up was about 10−3 rad. In the experiments the probe cross-

section was larger than the plasma to be diagnosed, so that the image of the phase

object could be made to interfere with an unperturbed part of the beam, as shown

in figure 5.6. The fringe shift produced this way is exactly the one corresponding to

equation 5.6.

It is essential for the good quality of the interferograms that the probe cross-section

has a high degree of uniformity, since different parts of it are used to generate the

interference pattern.
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a) b) c)

Figure 5.7: From the interferogram a) to the manually traced fringes b) and finally to

the digitised and smoothed fringe pattern c). Lower panels present lineouts extracted from

the corresponding images as indicated by the dashed line in panel a).

Phase extraction

The information about the phase modulations induced by the plasma is recorded on

an interferogram as a pattern of fringes shifted from the original position. Together

with it, there is the noise caused by the imaging optics and by the intrinsic spatial

nonuniformity of the probe beam. Several computational techniques are reported

in literature that are used to filter out the background noise and to retain only

the phase information. In our analysis we found that still the most reliable and

accurate approach was to trace manually the fringes on a transparent plastic foil,

and digitise then the traced pattern with a high resolution scanner. The so-obtained

fringes had a step function profile, which would cause the generation of spurious

high frequencies in the subsequent analysis based on Fourier transform methods.

Therefore the cos-squared profile of the actual fringes was recreated interpolating a

sine function between each two adjacent fringes. Figure 5.7 shows this part of the

data extraction.

Once the fringe pattern has been obtained, the phase shift can be determined using



5.2 Optical probing 59

a filter in the spatial frequency space as described in [Takeda et al., 1982, Gizzi et al.,

1994]. Having oriented the unperturbed fringes along the x direction, the intensity

I(x, z) of the fringe pattern can be written in the form

I(x, z) = a(x, z) + b(x, z) cos(2πf0z + ∆φ(x, z)) , (5.11)

where a(x, z) and b(x, z) represent unwanted intensity variations across the probe

beam, f0 is the spatial-carrier frequency and ∆φ is the phase information we want

to extract. It is important that the a and b nonuniformities have a spatial frequency

lower than f0, so that they can be decoupled from f0 and filtered out in the frequency

domain. Tracing by hand the fringes drastically reduces the contribution from such

nonuniformities, effectively rejecting most of the noise and spurious signal.

Using the definition c(x, z) = 1
2
b(x, z) exp(i∆φ(x, z)), we can rewrite 5.11 as

I(x, z) = a(x, z) + c(x, z)ei2πf0z + c∗(x, z)e−i2πf0z , (5.12)

and, performing the Fourier transform along the z direction only, we obtain

Î(x, f) = â (x, f) + ĉ (x, f − f0) + ĉ∗ (x, f + f0) . (5.13)

Here ĉ (x, f − f0) represents the Fourier transform of c(x, z) translated by f0. This

part of equation 5.13 contains all the information we need. The method consists in

selecting the part of the frequency spectrum that pertains to ĉ (x, f − f0), shifting it

back to the zero frequency by performing a translation by−f0, and finally computing

the inverse Fourier transform to obtain c(x, z). Algorithmically the whole process

can be summarised as

I(x, z) 7−→ Î(x, f) 7−→ ĉ (x, f − f0) 7−→ ĉ (x, f) 7−→ c(x, z) . (5.14)

The last step consists in computing the logarithm of c(x, z) and retaining the

imaginary part of it, which is the phase modulation we were looking for

ln[c(x, z)] = ln[
1

2
b(x, z)] + i ∆φ(x, z) . (5.15)

As a final remark, we should point out that the so obtained phase ∆φ is in the

range of [0, 2π] as a consequence of the Fast Fourier Transform (FFT) algorithm

used in the numerical analysis. Therefore a phase unwrapping procedure[Takeda

et al., 1982] has to be implemented to recover the full ramp of the phase shifts.
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Figure 5.8: Frequency selection: extraction of the phase shift from the complete spec-

trum.

Limit and sensitivity of the interferogram analysis

Refractive effects seriously limit the maximum electron density ne that can be probed

by interferometry in our set-up. The upper limit is ideally set by the critical density

nc for the probe wavelength, which in our case is of the order of 1.7 · 1022 cm−3.

If the density gradient were only parallel to the probe, then densities close to nc

could be measured. But when ∇ne has a component transverse to the probe, as in

any cylindrical symmetric plasma plume, the rays will be refracted out of the high

density region. As soon as the refraction angle is greater than the acceptance of the

imaging optics, the emerging rays are not collected and their information is lost.

Ray-tracing simulations[Borghesi, 1998] for a probe propagating through a dens-

ity profile similar to the ones produced in the experiments, show that for a probe

wavelength λ = 266 nm and an objective with f-number of 4, rays are deflected out

of the objective cone at densities of the order of ne = 1−2·1020 cm−3, i.e. about 2-5%

of the critical density of the plasma forming beam. The previous considerations do

not take into account any probe-plasma interaction such as absorption or scattering

mechanisms. The probe beam will be affected in regions where the electron density

is large enough for these processes to be significant. In our analysis we found that

the maximum measured ne was of the order stated above for pure refraction effects.

This indicates that the probe signal collected by the imaging optics was due to rays
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refracted by the plasma.

The sensitivity of the interferometry technique is defined by the minimum detect-

able fringe shift δφ. Using the Fourier transform method outlined in the previous

section, the limiting factor that determines the minimum observable fringe shift is

the small scale noise of the interferogram. A reliable estimate[Gizzi et al., 1994] for

the minimum fringe shift in good quality interferograms is δφ = 2π/10 = 0.5 radi-

ans, i.e. a tenth of the fringe separation. The corresponding minimum detectable

electron density reads

δne

nc

=
δφ

π

λ

L
, (5.16)

which in our experimental conditions gives δne ∼ 5 10−4 nc for a plasma scalelength

L of the order of 100 µm.

5.2.2 Timing

When collecting observations of a rapid varying phenomenon such as the laser-

plasma interaction, it is essential to synchronise the diagnostic instruments with the

interaction pulse on a timescale shorter than or at least comparable to the interaction

timescale.

In part of the experiments presented in this thesis, the long-pulse beam lines of the

VULCAN laser were used to generate the plasma, and then, at a suitable delay, the

plasma was probed with a laser pulse and/or a proton beam. The laser probe and

the particle beam were both generated using the short-pulse lines of the laser system.

The two lines (short and long) are independent, and synchronisation between the

two is achieved by using a Pockel cell gate system. The unavoidable jitter of this

configuration is about 100 ps. To synchronise the interaction and the probe pulse,

an optical streak camera was used with a resolution of a few tens of picoseconds.

A piece of scattering material (in this case simply a piece of paper) was aligned in

the centre of interaction of the vacuum chamber, and the scattered light was sent to

the entrance slit of the streak camera. The beams were then fired in pairs and their

optical path was changed using timing slides until the respective streaked images
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overlapped.

a) b) c)

long pulse

short pulse

Figure 5.9: Streak camera images illustrate the timing sequence of a 600 ps pulsed

against a 1 ps pulse. Horizontal arrow indicates the direction of time. Small vertical arrow

points to the 1 ps pulse signal. The short pulse comes a) early, b) after and c) on time

with respect to the rising edge of the long pulse.

When a proton beam was used to probe a short-pulse interaction with a solid

target, a synchronisation to within a few picoseconds became necessary. In this case

the proton generating pulse, the probe pulse and the main interacting pulse were all

split from the same pulse coming from the short-pulse line of VULCAN. Because

they originated from the same seed pulse, the pulses could be timed to within their

duration of about 1-2 ps by changing the optical path. A fast streak camera with

1 picosecond resolution was used to synchronise the three beams at the interaction

centre.

5.3 Radiochromic film detector

In the following section the structure of the particle detector used in the experi-

ments will be described along with the dosimetry properties and specifications of

the detecting film.

The typical set-up for detecting and measuring a laser-generated proton beam is

outlined in figure 5.10. The particle beam was produced by direct irradiation of a

solid aluminium foil with an ultra-intense laser pulse. The beam is mainly com-

posed of multi-MeV protons originated from a contamination layer of hydrocarbons.
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The object to be probed was placed inside the propagation cone of the beam. The

particles were then collected by the detector which had the capability of recording

detailed information on the cross-section of the beam and on the energy distribution.

CPA pulse

proton beam

RCF stack
detector

aluminium foil

object

Figure 5.10: Typical set-up for proton probing used in the experiments. The proton

beam emerged normal to the back surface of an aluminium foil after irradiation with an

ultra-intense CPA laser pulse. The main target to be probed was placed in the propagation

cone of the beam. Particles were collected in a detector consisting of a stack of radiochromic

film.

The particle detector consisted of a stack of radiochromic film wrapped in alu-

minium foil. On the front surface, the Al foil acted as a soft X-ray filter and shielded

the film from debris ejected from the main target after the laser interaction. High

energy particles going through the film stack deposit locally their energy according

to their stopping curve in the material. The radiochromic film changes colour upon

exposure to ionising radiation, so each particle leaves a mark on the film along its

track. In the geometry used in the experiments, the spatial distribution of the proton

beam cross-section was recorded as an image on the radiochromic film. Each layer

acted as an energy filter on the following layers, so that different energy components

of the beam produced different signal on each film piece. Using this set-up, it was
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possible to retrieve information on the energy distribution in the beam from the

analysis and comparison of the layers.

5.3.1 Dosimetry specifications

The type of radiochromic film (RCF) used in the experiments presented in this thesis

was the GAFCHROMIC R© MD-55 produced by Nuclear Associates, USA. The active

component is a monomer sensitive to ionising radiation. The monomer is in the form

of sub-micron-sized crystals which are dispersed in a gelatin matrix and then coated

onto a polyester film base[Associates, 2003]. The monomer molecule belongs to

the family of diacetylenes, and when exposed to radiation in a crystalline state, it

undergoes a solid-state polymerisation reaction producing a dye polymer referred

to as polydiacetylene. The active crystals, which are transparent to visible light,

change colour to a cyan blue when the dye is produced. The absorption spectrum of

the dye is specific to the polydiacetylene molecule and for MD-55 dosimetry media

has a major peak at 680 nm and a secondary peak at around 620 nm, as shown in

figure 5.11. The amount of polymer produced, and therefore the depth of colour

change, is proportional to the amount of energy absorbed in the active layer. After

exposure, the film develops almost instantaneously and there is no need to treat

the medium in any way to stop the reaction. The production of dye continues for

a few hours while the reaction slows down, and the optical density stabilises to its

asymptotic value within about 24 hours. The film is quite insensitive to room light,

and does not need to be handled in the dark.

The response of the RCF MD-55 to ionising radiation is presented in figure 5.12.

The change in net density1 is essentially a linear function of the dose, i.e. the en-

ergy deposited in the film, up to 50 Gy. The calibration data were obtained with

1here net density is defined as the optical density of the exposed film minus the optical density

of the unexposed film
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Figure 5.11: Characteristic absorption spectrum of the dye polymer present in

GAFCHROMIC R© MD-55 medium, once exposed to radiation.

Figure 5.12: Response of GAFCHROMIC R© MD-55 to Co60 γ rays with visible broad-

band light source (dashed line) and with a 660± 10 nm filter (solid line).
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γ rays from a Co60 source. Dose fractioning effects are absent, as reported in the

specification data sheet. The RCF is also dose rate independent in the range from

0.034 Gy/min to 3.4 Gy/min[Associates, 2003]. In our applications and analysis we

made the assumption that the RCF had a dose independent response even at the

extreme rates produced in the experiments, which were of the order of 10Gy/ps.

Studies conducted on RCF irradiated with γ rays, electrons and protons show an

identical response of the radiochromic medium to the various types of radiation

[McLaughlin et al., 1991, Jones et al., 1999, Prasad and Bloch, 1995]. Regardless of

the nature of ionising particles, the net density of the exposed film is a function of

the amount of energy deposited in the active layers only. Saturation effects occur

for the MD-55 film at doses of more than 100Gy, which were sometimes reached in

the experiments here reported. The film was clearly over-radiated and the plastic

base of the layers appeared to be visibly damaged.

The intrinsic resolution of the film is excellent, and allowed the observation of fine

structures imprinted in the proton beam by the main target. In fact the polymer-

isation reaction initiated by radiation exposure does not spread between the micro-

crystals of which the active layer is composed, and therefore the film has intrinsically

a sub-micron resolution.

Mylar 67µm

Mylar 67µm

Mylar 25µm

Adhesive 38µm

Adhesive 38µm
Active layer 15µm

Active layer 15µm

Figure 5.13: Structure and composition of a typical MD-55 radiochromic film.
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The structure of the MD-55 film is outlined in figure 5.13. An active layer,

approximately 15 µm thick, is coated onto a 67 µm polyester (Mylar R©) base. Two

pieces of this film are then laminated coated-side to coated-side with a double-sided

adhesive film. This adhesive film consists of a 25 µm thick polyester base coated on

each side with a nominal 38 µm adhesive layer. A series of measurements gave for

the thickness of the radiochromic film the average value of 268± 1 µm.

5.3.2 Energy deposition in the stack detector

When a high energy proton enters the RCF stack detector, it propagates through

the film layers loosing energy primarily through ionisation of the medium molecules.

Studies conducted on the form of the stopping curve of protons in RCF confirm that

the response of the film is proportional to the Bragg curve of the protons in the

radiochromic medium[Prasad and Bloch, 1995].

The Monte Carlo code SRIM [Ziegler et al., 2003] was used to simulate the energy

deposition of a proton going through the detector. In the simulations, the detector

was modelled by a 25 µm aluminium foil and a uniform block of polyester plastic

with the same average density of the RCF. The chemical composition of the active

layers is in fact quite similar to that of the plastic base. The code was run for a

collimated monochromatic beam of protons hitting the detector at normal incidence.

The number of protons traced through the detector was large enough to reach stabil-

isation of the stopping parameters, such as longitudinal range and lateral straggling,

and of the ionisation curve as well. A series of stopping curves for different proton

energies is shown in figure 5.14. The 25 µm Al foil in front of the RCF stack stops

protons with energy less than 1.5 MeV. The presence of the Al filter is represented

by the first peak at 25 µm of penetration. This peak is more evident at low energy,

when the protons are almost stopped inside the filter.

Increasing the energy, the peak becomes more similar to a step. The Bragg peak

depth into the detector is proportional to the proton energy. The value of the peak

decreases as a consequence of the statistical spreading in energy distribution, which
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2 MeV

10 MeV

Figure 5.14: SRIM simulation of the stopping curve of protons in the stack detector.

The initial energy ranges from 2 MeV to 10 MeV at 1 MeV step. The stopping power is

shown in keV/µm as a function of the penetration depth of the particles into the detector.

becomes more important the longer the particle has travelled through the stopping

medium. For this reason, the Bragg peak broadens significantly for higher energy

particles. Several curves were simulated at 0.5 MeV steps in energy. Finally the

curves were linearly interpolated to generate a stopping surface2 of the detector, as

shown in figure 5.15. Using this surface, it was possible to estimate the stopping

power for a proton at any point in the detector and for any initial energy in the

range from 1.5 MeV to 20 MeV with continuity.

Given the typical structure of the RCF outlined in figure 5.13, the centres of the

active layers are located in the detector at

An = 25 µm + 268(n− 1) µm + 74.5 µm , for n = 1, 2, 3...

and

Bn = 25 µm + 268(n− 1) µm + 193.5 µm , for n = 1, 2, 3...

2By “stopping surface” we mean the surface generated by the stopping curves for a given pair

{particle,detector} when the energy of the incident particle is varied continuously.
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Figure 5.15: Simulated stopping surface for a RCF film stack detector. Values of the

stopping power are given in keV/µm at any depth in the detector in µm, and for a range

of initial proton energies expressed in MeV.
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where n is the progressive number of RCF film piece, and the first and second active

layers of each RCF film are labelled A and B respectively. Active layer A1 is the

closest to the aluminium foil filter.

For any given active layer, the energy deposition as a function of initial proton

energy was obtained by integrating the stopping surface over the region spanned

by the active layer. Figures 5.16 and 5.17 show the energy deposition in the first

active layer A1 and in the first RCF film respectively. The latter is the sum of the

contributions from both active layers. This operation is consistent with the linear

response of the RCF optical density to the dose. Therefore the optical density of

the sandwiched radiochromic film is proportional to the sum of the doses absorbed

in each active layer.

The energy distribution of protons is assumed to be uniform in these estimates,

so that the curves indicate the energy deposited on average in the active layers

for any given proton. When investigating the temperature of the proton beam, the

contribution of each energy component was rescaled according to the assumed energy

distribution, and the estimated response for each active layer was obtained. In our

analysis the beam energy distribution was generally described by an exponential

exp(−E/T ), where T represented the temperature parameter of the beam.
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Figure 5.16: Energy deposition in the first active layer of the detector as a function of

the initial proton energy.

Figure 5.17: Energy deposition in the first piece of radiochromic film, obtained by

summing the response of the first and second active layer.
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5.3.3 From proton energy to a time sequence

Since the stack detector operates a selection on the energy range recorded in each

layer, it is possible to reconstruct a multi-frame sequence of a phenomenon evolving

in time. For a given proton energy E, the probing time tprob for the particle can be

estimated by the time of flight ttof (E) of the particle from the source to the target

plane. The time of flight is readily calculated from the set-up geometry, and it reads

ttof (E) =
s

vp

=
s

c

√
mp

2E
, (5.17)

where s is the source-to-target distance, and mp and E are both expressed in MeV.

Protons in the ion beam will reach the target at different times, according to their

energy. In the experiment presented in chapter 8, the ion beam was timed against

a picosecond laser-solid interaction, and it was possible to observe the evolution of

e.m. fields around the interaction region on a timescale of a few tens of picosecond.

In that experiment the proton beam had an estimated temperature of 1.5 MeV

and the resulting response of the stack detector is shown in figure 5.18. Using the
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Figure 5.18: Fractional dose as a function of proton beam energy component. The

temperature of the beam is set to T = 1.5MeV. Curves for the first six active layers are

shown. Each curve has been renormalised to its peak value. Labels on the top mark the

active layers.
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Figure 5.19: Signal recorded on each active layer as a function of the probing time of

protons. Labels on the top mark the active layers.

formula in 5.17 and the detector response to each energy component, it is possible

to obtain the signal on each separate active layer as a function of the probing time.

Figure 5.19 presents the results of this calculation for a source-to-target distance

s = 2 mm. In this case, the maximum observable window amounts to about 30 ps,

and the frame-to-frame separation ranges from 13 to 2 ps.



Chapter 6

Shock wave collisions in low

density foams

The data presented in this chapter were collected during an experimental campaign

at the Rutherford Appleton Laboratory, UK. The aim of the experiment was to

produce counter-propagating shock waves in low density material, and to record their

propagation and collision by means of X-ray radiography. The shocks were generated

by irradiating both sides of a foam cylinder with a ns laser pulse. X-ray absorption

point-projection spectroscopy was used to obtain time-resolved radiographs of the

target at different stages of the shock propagation.

The experimental set-up is presented, and the data analysis is outlined. Finally the

results are discussed with the support of numerical simulations.

6.1 Experimental set-up

The targets consisted of triacrylate foam cylinders at a density of 50 mg/cc. The

foam was doped with 25% by weight of chlorine. The typical cylinder was 200 µm in

diameter and 250 µm in length. The target was mounted in the centre of the TAE

vacuum chamber of the VULCAN laser facility. The main six beams of the VULCAN
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foam

backlighter pin

aluminium shield

spectrometer

900 ps, 130 J900 ps, 130 J

90 ps, 25-30 J90 ps, 25-30 J

Wavelength: 527 nm

Typical intensity:
1 x 1014 W/cm2

Figure 6.1: Experimental set-up (top view).

laser were used in a cluster configuration as heating beams. The laser pulse had a

flat-top profile with 0.9 ns FWHM duration and was frequency doubled in KDP

crystal to obtain 0.527 µm wavelength irradiation on target. The main reason for

using a 2ω beam was to increase laser absorption in the bulk of the plasma, and

generate a high ablation pressure, as outlined at the end of section 2.3.

Both ends of the foam cylinder were irradiated simultaneously. The heating

beams were focussed on target with f/10 lenses. Random phase plates (RPP) were

inserted between the lens and the target to smooth spatial nonuniformities in the

laser beam. The typical irradiation intensity produced at the surface of the foam

was in the region of 1014 Wcm−2. Figure 6.1 presents a schematic diagram of the

set-up used in the experiment.

Following earlier work on laser generated shock waves [Hoarty et al., 1997, 1999],

the X-ray point-projection system consisted of a backlighting source and a spectro-

meter, which contained the X-ray sensitive film. A 15 µm diameter gold pin coated

with bismuth was used as the backlighter target. The pin was irradiated by two

simultaneous 0.527 µm laser pulses focussed onto the pin with f/2 lenses. The two

short pulse beam lines of VULCAN were used to this purpose. The laser pulse was
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90 ps long and the generated X-ray flash had a similar duration, as reported in Mat-

thews et al. [1983]. This allowed resolution of the evolution and propagation of the

shock fronts. Different stages of the shocks’ interaction were recorded by changing

the delay between the main pulse and the backlighter pulse.

Radiographs were taken with the flat RbAP crystal spectrometer described in

section 5.1. The crystal was aligned so as to record on film the spectrum from 2.2 to

3.2 keV. In this spectral range it was possible to detect the 1s2p and 1s3p absorption

lines of chlorine. The source-to-spectrometer distance was set in order to image the

central part of the foam with a 50x magnification. An aluminium shield (see figure

6.1) was mounted between the target and the spectrometer aperture to screen the

intense plasma self-emission from either end of the foam cylinder. An optical streak

camera looking at the interaction centre recorded the delay between the backlighter

and the main pulse for each shot.

6.1.1 Data calibration

Space

Obscuration shots of copper disc targets were taken in order to measure the spa-

tial magnification on film (see figure 6.2). In the following, the radiographs will be

presented with the vertical direction corresponding to the spectral dispersion dir-

ection of the spectrometer. The horizontal direction corresponds to the axis of the

foam cylinders, and is the propagation direction of the laser generated shock waves.

The magnification was calculated comparing the dimensions of the disc in the im-

age 6.2 with the actual 200 µm disc diameter. The spatial resolution was inferred

from the width of disc edge using the Rayleigh criterion

∆xhorizontal = ±10 µm ; magnification 58 times ,

∆xspectral = ±5 µm ; magnification 68 times .
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Figure 6.2: Obscuration shot of a copper disc 200µm in diameter. Lineout of the

backlighter spectrum is plotted on the left.

These values were rescaled for each shot, using the measured distance between the

tip of the backlighter pin and the centre of the foam.

Time

The delay between the main pulse and the backlighter pulse was recorded by an

optical streak camera at 0.1 ns/mm sweep rate. The delay was defined as the

difference between the rising edge of the long pulse and the peak of short pulse(see

figure 6.3). The uncertainty in determining the beginning of the long pulse limited

the accuracy in establishing the time of probing to about 130 ps.

Velocity

The average velocity of the shock waves was estimated combining together different

laser shots. For each shot, the shock position was obtained from the recorded ra-

diograph. The shock velocity was then estimated by fitting pairs of time and shock

position (see figure 6.4). The typical shock velocity was found to be

vshock = 96 µm/ns (∼ 107cm/sec) .
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Figure 6.3: Streaked image used to determine the relative timing of the main pulse with

respect to the backlighter pulse.
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Figure 6.4: Shock velocity fit. Data points were extracted from a series of different laser

shots.

Energy

The KDP crystal conversion efficiency was measured for each beam line, giving a

typical value of 35% conversion at peak intensity. These calibrations were taken just

before the f/10 focussing lens.
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The typical energy of each long-pulse beam line was 180-200 J in infra-red (λ =

1.054 µm) . Since two beams were focussed on each face of the target, the typical

energy delivered in a laser shot on the target surface was

E2ω = 2 · (190 · 0.35) ' 130 J,

with an uncertainty of 10% due to typical calorimeter response.

Spectra

The spectral lines resolved on radiographs were identified using tabulated emission

lines for chlorine [Henke et al., 1982]. The spectral calibration of each radiograph

was obtained using chlorine self-emission lines as a reference.

Using the line width of isolated emission lines of bismuth, the experimental resolution

of collected spectra was estimated to be δE = 6 eV in the 2.2 to 3.2 keV range. This

value was used as input parameter to the SEPSAHA code (see page 83) to generate

synthetic spectra with the same resolution of collected data.

6.1.2 Radiographs

The radiographs were recorded on Industrex C-type X-ray film. Once developed,

the film was scanned in a microdensitometer at a resolution of 50 µm per pixel. The

value of each pixel is proportional to the film optical density, OD = −log10

(
I(λ)
I0(λ)

)
,

at a calibrated wavelength λ. Since the typical spectrometer magnification M was

50 times, the spatial resolution Rscan of the scanned images was 1 µm/pixel

Rscan =
50 µm/pixel

M
∼ 1 µm/pixel .

Chemical fog

The unexposed, developed film is not completely transparent to the light of the

microdensitometer. Therefore the scanned images present an intrinsic optical density
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chemical fog

Figure 6.5: Chemical fog removal

which has to be removed before determining the absolute exposure of the film. This

optical density is called chemical fog, and takes into account the transparency of

the plastic substrate, and the effects of the developing process. For each image, a

portion of unexposed film was extracted, and its average value was subtracted from

the image, as shown in figure 6.5, thus obtaining the net density of the film.

Film density to exposure

The grains of photographic film present generally a logarithmic response to the

light intensity. Figure 6.6 depicts the response curve of Industrex C-type film upon

exposure to the Lα-line of silver at 2.9 keV. To obtain the actual film exposure, each

pixel of the image was converted into an exposure value by inverting the response

curve of the Industrex C film. Figure 6.7 shows the result of this conversion.

Background fluorescence

The spectrometer aperture was shielded by an 8 µm thick Be filter. The filter pre-

vents the intense radiation that fills the vacuum chamber from getting inside the

spectrometer and fogging the film. The filter transmission curve is plotted in fig-

ure 6.8, showing that radiation below 0.5 keV is blocked. The spectral region used

in the data analysis, namely the range from 2.5 to 3.2 keV, was almost unaffected

by the Be filter.
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Figure 6.6: Optical density as a function of exposure to 2.9 keV radiation for the

Industrex C-type film [Kodak Industrex Films, www.kodak.com].

Figure 6.7: Image converted to actual film exposure. The region from where the fluor-

escence lineout was extracted is shown on the right.

The X-ray radiation entering the spectrometer is dispersed by the RbAP crystal and

exposes the film. Part of this radiation excites fluorescence in the Al support of the

crystal. The contribution of the fluorescence is shown in figure 6.7. It appears to

be stronger in the upper part of the film, which was the closest to the aluminium

crystal holder.

To remove this spurious signal, a lineout of the fluorescence was taken along the spec-

tral dispersion direction (i.e. a vertical lineout in figure 6.7), and then subtracted

from the image.
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Figure 6.8: Transmission of an 8 µm thick Be filter (data from NIST tables).

Image curvature and distortion

Collected radiographs presented a curvature of the spectral lines, which was partly

due the dispersion of the flat crystal and partly to imperfections in the film holder.

To correct the curvature and straighten the image, a geometrical transformation was

applied to the scanned image, using a few emission lines as guiding lines.
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6.1.3 Detailed LTE opacities

In order to estimate the temperature and the density of the shocks produced in the

experiment, the computer programme SEPSAHA1 was used to compute the opacity

of the foam targets at the density and temperature conditions produced in the

experiment. The code is based on a detailed model of atomic line absorption. The

basic assumption is that the Local Thermodynamic Equilibrium (LTE) model applies

to the produced plasma conditions. This means that the plasma as a whole can be

far from thermal equilibrium, but locally it is still possible to describe distributions

of ion species, bound electrons and free electrons in terms of a single temperature

parameter. This temperature must vary slowly across the plasma. LTE is valid at

high electron densities, where the collisions between bound and free electrons are

frequent enough to establish local thermal equilibrium.

The ion populations are calculated from the Saha equation

nz+1,0

nz,0

= 6.02 1021T
3/2
e

ne

gz+1,0

gz,0

e
−χz,z+1

Te , (6.1)

and the relative populations of ion levels are given by the Boltzmann’s relation

nz,i

nz,0

=
gz,i

gz,0

e
−Ei
Te , (6.2)

where the free electron temperature Te (which is also the temperature of the ions and

of bound electrons, as implied by LTE) is expressed in eV. The free electron density

ne and ion populations ni,j are in cm−3. The ionisation potential χz,z+1 is defined as

the energy difference between the lowest states of adjacent ion stages (z,z+1), and

Ei = Ez
i,0 is the excitation energy of the i-th level from the ground state, for each

different z ion stage. The statistical weights gi,j count the total number of possible

quantum states belonging to each level.

The fractional occupation of each level i and ion stage z is given by

fz,i =
nz,i∑
z,i nz,i

. (6.3)

1this code was developed by C.C.Smith and S.J.Davidson[Davidson et al., 1988], and then

upgraded by D.Hoarty to allow the simulation of absorption spectra for chlorinated foams[Hoarty,

1997].



6.1 Experimental set-up 84

The plasma neutrality imposes the following constraint on densities

ne =
∑
z,i

zfz,ini = z∗ni , (6.4)

where z∗ is the effective mean ion stage, and ni is the ion density. The ion density

is a function of the local material density ρ

ni =
NA

A
wi ρ ,

where A is the atomic weight of the element, NA is the Avogadro number, and wi

is the fractional weight of the considered element in the material.

The input parameters to SEPSAHA code are the temperature Te and the mass

density ρ. The programme follows an iterative procedure in order to determine

the ionisation stage of the plasma, and consequently the electron density ne. A

starting electron density nin
e is guessed, and then the fractional occupation at the

given temperature is evaluated, using equations 6.1 and 6.2. Inserting the input

density ρ in the neutrality relation 6.4, the corresponding free electron density nout
e

is calculated. Then the input nin
e is corrected iteratively until a consistent value for

the free electron density is obtained.

Once the ion populations are calculated, the code reads a database of excitation

energies, statistical weights, line widths and oscillator strengths for the chlorine,

and computes the corresponding opacity. Important contribution from the other

constituents of the foam, namely carbon, oxygen and hydrogen, is included in the

calculation of the total free electron density, as these lighter elements are more easily

ionised than chlorine.

The final output of SEPSAHA is an absorption spectrum in the X-ray range rel-

evant to the recorded radiographs, namely from 2.6 keV to 3.0 keV. The width of

the computed absorption lines was corrected for the finite experimental resolution,

averaging the spectrum over a 6 eV range. The temperature and the density of the

plasma could be estimated by matching the experimental absorption spectrum to

the synthetic spectra generated by the code. Figure 6.9 shows the sensitivity of this
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Figure 6.9: Sensitivity of the foam transmission to temperature variations. Solid line

corresponds to Te = 52 eV. Dashed lines show the transmission profiles for a temperature

variation of ±3 eV.

technique. A few eV difference in temperature leads to easily detectable changes in

the shape of the absorption profile. In this respect, density variations of a factor

of two or more are needed to cause similar deformations in the spectra. Thus this

method was mainly used to estimate the temperature of the plasma, whereas the

density was inferred from the absolute values of the plasma transmission.

The SEPSAHA code was modified to obtain in output a series of transmission

spectra at fixed plasma density. Figure 6.10 depicts a series of such synthetic spec-

tra. The density is kept constant, and the temperature of the sample changes along

the vertical axis. It is possible to see when different absorption lines “switch on”,

indicating a particular temperature threshold.

The sensitivity of this Cl-absorption technique starts at about 20 eV. This cor-

responds to the minimum temperature for 1s3p transitions for Ne-like and F-like

ionisation stages of chlorine. The chlorine self-emission covers the signal at about

2.8 keV, and therefore the upper limit for this diagnostic technique is about 80 eV.
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Figure 6.10: SEPSAHA synthetic transmission

6.2 Data analysis and results

In this section, the analysis of the data collected during the experiment is described,

and temperature and density profiles are presented for two counter-propagating

shock waves both prior to and during collision.

Definition of a backlighter spectrum

The backlighter target used in the experiment consisted of a gold pin overcoated with

bismuth. In the 2.2 to 3.2 keV range, Bi has a quasi-continuum M-band emission,

which enables the detection of 1s2p and 1s3p Cl absorption lines[Willi, 1989].

Figure 6.11 presents a typical backlighter spectrum extracted from the collected

radiographs. The bottom curve is the M-band emission of the Bi coating. The top

curve shows the relative intensity of the backlighter spectrum and the chlorine line

emission from a laser irradiated foam target. The self-emission is a limiting factor

in this experiment. Significant information cannot be extracted from it, and its

presence may mask other interesting but less intense features. Hence a metal shield

was used to screen the self-emission from both ends of the foam target, as explained

in the experimental set-up section.

In most of the radiographs the presence of the shield prevented the direct observa-

tion of the backlighter emission. Hence the backlighter lineout depicted in figure 6.11
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Figure 6.11: Bismuth backlighter spectrum and foam self-emission. Bottom panel

presents the reference emission spectrum of the backlighting source. Top panel shows the

relative intensity of the chlorine self-emission (solid line) and of the backlighter (dashed

line).

was taken as a reference and rescaled for each laser shot. The backlighter intensity

was matched to the maximum Bi emission in one of the two regions around 2.9 keV

or 3.1 keV. In this part of the spectrum, any plasma in the line of sight could not

absorb more than 10% of the backlighter signal. This is true for the plasma condi-

tions likely to be produced in the experiment, as confirmed by similar experiments

on foam targets[Hoarty et al., 1997, 1999].

Density and temperature profiles

The density of the foam targets was inferred from the absolute transmission of the

material in the line of sight. The transmission T is defined as the ratio of transmitted



6.2 Data analysis and results 88

intensity I over the intensity of the backlighter source IBL

T =
I

IBL

.

In the following analysis it was assumed that the plasma conditions, and therefore

the transmission, did not change significantly during the backlighter flash.

The targets were aligned so that the recorded transmission at 2.4-2.6 keV corres-

ponded to X-rays probing the core of the foam cylinder (see the obscuration shot at

page 77, where the centre of the disc corresponded to the central part of the foam

targets). SEPSAHA synthetic absorption spectra confirm that the opacity ξ of the

foam is a slowly varying function of both density and temperature in that part of

the X-ray spectrum, and it can be assumed to be constant

ξ(Te, ρ) = ξ . (6.5)

Transmission T then becomes solely a function of the density ρ and plasma thickness

∆x

T = e−ξ(Te,ρ)ρ ∆x = e−ξ ρ ∆x . (6.6)

As a first approximation, the thickness can be set equal to the original foam diameter,

so that the density ratio can be inferred from the transmission of the foam

ρ10 =
ρ1

ρ0

=
ln(T1)

ln(T0)
. (6.7)

This method is valid in planar geometry and for a timescale shorter than the disas-

sembly time of the target.

Transmission lineouts were extracted at about 2.5 keV along the length of the foam,

and converted into density profiles using equation 6.7. Figure 6.12 shows the density

profile for a shot in which only one shock was generated in the target.

To determine the profile of plasma temperature, several vertical lineouts were ex-

tracted from the scanned radiograph along the spectral dispersion direction. Each

lineout corresponded to the absorption spectrum at a different point along the foam

cylinder. The temperature T was determined by matching these absorption profiles

to the synthetic absorption spectra generated by the SEPSAHA code.

The results of the analysis are summarised in the following sections.
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Figure 6.12: Single shock and cold foam. The target had a nominal density of 50 mg/cc.

Approaching collision

Figure 6.13 presents a radiograph taken before the collision of two shock waves. The

two shadows of the shocks can be clearly seen through the narrow window of the

shield. A schematic description of the radiograph is presented in figure 6.14. The

curvature of the shock front is likely to be due to cooling effects at the edges of

the foam. Chlorine absorption lines corresponding to 1s2p and 1s3p transitions are

present at around 2.7 and 2.9 keV respectively, i.e. just above and below of the very

intense white band corresponding to the Heα emission line of the chlorine. Peak

temperatures in excess of 55 eV were inferred from the C-like 1s2p transitions. The

presented radiograph was taken just before the shocks collided. This is confirmed

by the fact that the centre of the foam is still relatively cold, since no absorption

lines can be seen in between the two shock fronts.

Temperature and density profiles for this shot are shown in figure 6.15. The peak

density in the stronger shock on the right was about 3 times the original density.

Hence the maximum pressure produced in a single shock was about 2 Mbar2.

2the foam is characterised by a weighted atomic mass A = 9.7 and weighted atomic number

Z = 5.0. The SEPSAHA code predicts a mean ionisation stage Z∗ = 3.2 for the density and

temperature conditions of the shock front.
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Figure 6.13: Two shocks before collision. The diagram on the right depicts the two

curved shock fronts visible through the narrow window of the shield.
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Figure 6.14: Schematic description of the radiograph presented in figure 6.13. Dashed

curves indicate the fronts of two counter-propagating shock waves. The presented lin-

eout was extracted along the shock front on the right-hand side. Chlorine emission and

absorption lines are marked.



6.2 Data analysis and results 91

0

50

100

30

35

40

45

50

55

60

-60 -40 -20 0 20 40

T
ρ

de
ns

ity
  (

m
g/

cc
)

tem
perature (eV

)

µm

150

200

250

300

Figure 6.15: Temperature and density profiles for the two shocks presented in figure 6.13.

A spline curve has been fitted through the temperature points.

Head-on collision

Figure 6.16 presents a radiograph taken during the collision of two laser-generated

shocks. A region of about 50 µm was heated to temperatures significantly higher

than those produced in a single shock. The observation of the B-like absorption line

indicates that temperatures in excess of 80 eV were generated in the plasma. A more

precise measurement of the temperature was prevented by the chlorine self-emission

at 2.8 keV, which covered the absorption lines corresponding to higher temperatures.

The density profile is broader and the maximum compression is lower, as compared

to each of the colliding shocks. This could be probably due to the fact that the

foam material, compressed between the two shock fronts, starts expanding in the

transverse direction. As a consequence, the measured density in the central part of

the target is not the density of a slice of the original foam cylinder, but the average

density of a larger volume of material.
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6.2.1 Shock profile deformation

The high temperatures and pressures observed during the shock propagation indic-

ate that shock waves of high strength were produced in the targets.

The strong shock limit (see equation 2.45, page 28) predicts a compression ratio

higher than the one measured in the experiment. To explain this discrepancy, the

shock motion during the backlighter pulse has to be taken into account.

A simple numerical model was developed to investigate the effects of shock propaga-

tion during the backlighter flash. The shock wave was described by a density profile

ρ(x, t) moving at the velocity of 100 µm/ns. Figure 6.18 shows the idealised density

profile with a peak compression ratio ρ10 of 4. The backlighter was defined by a

gaussian pulse of 90 ps FWHM duration.

The intensity on the film plate was set to be proportional to the backlighter intensity

IBL, rescaled by the optical density of the shocked material

Ifilm(x, t) = I(t)BL e−ρ(x,t) .

The film exposure E(x) was obtained by integrating the intensity Ifilm(x, t) over

time. At this point, the data analysis outlined in section 6.2 was simulated . The

exposure E(x) was converted into transmission, and then the density profile was

calculated using a formula similar to equation 6.7. Figure 6.19 shows the simulated

density profile. As a consequence of the motion of the shock wave, the peak of the

density profile is smeared out, and the maximum compression is lower than the in-

stantaneous value of 4 in the ideal shock .

The actual compression in the shock waves produced in the experiment can be es-

timated a posteriori according to this simulation. Values of compression ρ10 between

2 and 3 measured during the shock propagation are compatible with an actual com-

pression ρ10 of 4 times or more.
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Figure 6.19: Reconstructed shock profile from the analysis of simulated film exposure.
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6.2.2 Shock front curvature effects

After the impact of the shock fronts, the plasma conditions were too complex to be

analysed with the method outlined in section 6.2. At this stage of the shock waves

interaction, the planar symmetry assumption is not valid anymore.

The 2D Eulerian hydrocode POLLUX[Pert, 1981] was modified in order to allow

direct irradiation of both sides of a cylindrical target. This new version of the

code was then used to investigate the deformation of the shock fronts. The input

parameters to the code were chosen according to the experimental set-up, and to

the measured parameters of the laser pulse. Figure 6.20 shows different stages of

the shocks’ propagation in a foam target. The maps of the temperature and of the

target density are presented at four different times after the beginning of the laser

pulse, namely at t = 0.4, 1.0, 1.2 and 1.3 ns. The simulation was carried out in

cylindrical geometry with the laser pulses propagating along the z direction. Edge

cooling effects cause the planar shock front to curve. During collision, the material is

compressed and accelerated in the plane perpendicular to the propagation direction

of the shocks. The velocity of the ejecta is of the same order of the velocity of the

incident shocks, i.e. about 107cm/s.

6.2.3 Summary

The propagation and collision of strong shock waves have been observed in chlorin-

ated foams. The shock fronts were produced by irradiating the surface of the target

with a 527 nm laser pulse at the intensity of 1014 Wcm−2. The density and tem-

perature of the plasma have been measured in the core of the foam cylinders using

time-resolved point-projection absorption spectroscopy. A flat crystal spectrometer

was used to collect radiographs of the target in the 2.2 to 3.2 keV range. The tem-

perature profile has been obtained by matching a synthetic absorption spectrum to

the observed data. The density in the foam has been inferred from the absolute

transmission levels of the target.
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Figure 6.20: POLLUX simulation of colliding shocks in a foam cylinder
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For the first time shock wave collisions in foam have been measured at energy dens-

ities in the region of 1011Jm−3. During collision, the central region of the target was

heated to temperatures significantly higher than those produced in a single shock,

namely about 55 eV. Temperatures in excess of 80 eV have been inferred from the

presence of B-like absorption lines of chlorine. The shock compression observed in

the density profile was found to be compatible with the strong shock limit, once the

motion of the shock front during the backlighter flash had been taken into account.

Curvature of the shock fronts has been observed in the collected radiographs, and

reproduced by hydrodynamic simulations. The effect is likely to be caused by energy

losses at the edges of the foam target. As a consequence of the curvature, the collid-

ing shock waves compress and accelerate material in the plane perpendicular to the

propagation direction. The data analysis technique was limited by the assumption of

planar shock waves. Two-dimensional features of the shock front structure and the

expansion of the target prevented the application of the same diagnostic technique

to the target evolution after the collision.



Chapter 7

Filamentary structures and

macroscopic electromagnetic fields

in preformed plasmas

The use of imaging diagnostics, such as X-ray or optical probing, in laser-plasma in-

teractions finds its main motivation in the effort to detect and observe in experiments

the formation and evolution of plasma flow instabilities. The onset of hydrodynamic

instabilities, current instabilities and energy flow instabilities can have disrupting ef-

fects on the symmetry and the uniformity of the laser-plasma energy coupling and

transport. In applications where a high degree of control on the plasma parameters

is essential, e.g. in Inertial Confinement Fusion, the monitoring of plasma instabil-

ities requires high resolution in time and space.

Until recently, the detection of small scale non-uniformities was achieved by indir-

ect measurements of radiation emission, e.g. from hot spots or laser filaments, or

refractive index modifications using interferometric techniques. The advent of the

proton imaging diagnostics allowed the observation in detail of non-uniformities and

filamentary structures present inside the plasma during a moderate intensity laser

interaction. These structures are non-emitting and present a very small areal density

to probing radiation, so that they could not be detected using the aforementioned
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Figure 7.1: Experimental set-up for face-on probing (top view)

techniques. The fact that large electromagnetic fields are associated to these struc-

tures allowed their observation by means of a charged particle probing diagnostic.

Here we report on a series of measurements of laser-generated plasma in a variety of

irradiation conditions. The intensity regime chosen for this study was the ablative

regime, i.e. Iλ2 = 1013 to 1014 Wcm−2µm2, which lies just below the threshold for

hot electron production, and that is relevant to laser fusion applications.

7.1 Experimental set-up

The data presented in this chapter were collected during an experimental campaign

at the Rutherford Appleton Laboratory, UK.

A top-view diagram of the experimental set-up is shown in figure 7.1. The proton

beam used for imaging was produced by focusing the CPA beam of the VULCAN

Nd:glass laser onto a 25 µm thick aluminium foil. The pulse had a wavelength of
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1.054 µm and a Gaussian temporal profile with duration of 1 ps. A 12 µm FWHM

focal spot was obtained by using an f/3.5 off-axis parabolic (OAP) mirror. The aver-

age power delivered by the laser was about 80 TW and the peak intensity generated

on target was typically of the order of 5·1019 Wcm−2.

A layered stack of 270 µm thick radiochromic film (RCF)[McLaughlin et al., 1991]

was placed along the normal to the rear surface of the Al foil in order to collect the

protons generated by the CPA interaction. A 25 µm Al filter was placed in front of

the RCF stack to stop UV and X-ray radiation below 10 keV.

The plasma to be probed was produced on 25 µm Al foil targets by a temporally

independent laser pulse. The foil targets were placed in the propagation cone of the

proton beam, and their surface was oriented along or normal to the propagation of

the protons in order to obtain side-on (fig. 7.11) and face-on (fig. 7.1)images of the

plasma.

The plasma forming laser beam was a 600 ps flat-top pulse. The pulse was fre-

quency doubled in a KDP (potassium dihydrogen phosphate) crystal resulting in a

wavelength of 527 nm. An f/10 lens was used to focus this laser pulse to intensities

in the range of 1014−1015 Wcm−2. The focal spot size could be changed on a shot-to-

shot basis by defocussing the lens. Focal spots from 100 µm to 300 µm in diameter

were produced to provide different irradiation regimes. In some shots Phase Zone

Plates (PZP)[Stevenson et al., 1994] were inserted in the heating beam just after the

focusing lens, and the focal spot produced had a nominal diameter of 250 µm. The

distance from the proton source to the centre of the plasma was set to 2 mm, and

the distance from the source to the detector stack was about 22 mm. The resulting

geometrical magnification was about 11 − 13 times, depending on the RCF layer

considered. In the face-on set-up, a 4ω probe was used to measure by transverse

interferometry the plasma density at the time of interaction of the proton beam with

the plasma. The probe had a 263 nm wavelength (nc ∼ 17 × 1021 electrons/cm3)

and was 2 − 3 ps long. The interferometer was arranged in a Nomarski modified

configuration[Benattar et al., 1979], and an f/4 microscope objective was used to

image the plasma onto photographic film with 50× magnification and resolution of
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about 5 µm. Noise from plasma emission was reduced by an interference filter with

bandwidth centred around the probe wavelength.

7.2 Collected data

Data were collected mainly in the form of proton images of the preformed plasma.

Each laser shot provided a series of proton radiographs that recorded the cross-

section modulations of the proton beam. Radiographs were taken with and without

preformed plasma in order to distinguish the intrinsic modulations of the proton

source from those caused by the presence of a plasma. Face-on and side-on images

presented evidence of strong deflections caused by e.m. fields generated during the

laser-plasma interaction. For each set of irradiation conditions, a series of radio-

graphs was taken at different times by changing the relative timing of the CPA and

heating pulses. As a result it was possible to outline the evolution in time of the

e.m. field structures.
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Figure 7.2: Top-view diagram of the TAW target chamber of VULCAN laser illustrating

the beam set-up used in the experiment.
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7.3 Proton probe characterisation

Several targets of different composition and with thickness ranging from 1 to 250 µm

were irradiated with a CPA pulse at a typical irradiance of Iλ2 = 5·1019 Wcm−2 µm2.

The proton signal was recorded in the RCF detector, which separated the beam into

energy components. Each RCF layer gave information on the spatial distribution of

protons within an energy range of about 1 MeV. It was found that the maximum

proton energy and the overall proton yield decreased when irradiating thicker foils.

On the other hand, thinner targets produced noisier beams, i.e. beams with larger

spatial modulations. This was true of plastic foils in particular. Eventually the best

compromise, given our experimental conditions, was found in 25 µm thick aluminium

foils, which generated high brilliance beams with acceptable spatial modulations.

Figure 7.3 presents a series of RCF layers from a laser shot on a 25 µm Al foil. The

12 14 15 18 19

20 22 24 26 28

30 31 33 34 36

Figure 7.3: Proton source generated by the interaction of a CPA pulse on 25 µm Al foil

at Iλ2 = 5 ·1019 Wcm−2 µm2. Each RCF is labelled by the mean energy of protons that

are stopped in it.

first three layers were damaged or saturated by the large amount of energy deposited

by the proton beam. The source cone had a half-angle aperture of 20o for energies
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Figure 7.4: Proton source divergence as a function of the energy of emitted protons.

up to 16 MeV, and decreased thereafter, as shown in figure 7.4.

The film layers were digitised and then the intensity image was converted into a

net density map (see figure 7.5). In figure 7.6 the net density recorded on film

was plotted against the mean proton energy corresponding to each RCF layer. The

temperature of the beam was estimated by fitting an exponential distribution to the

data, and it was found to be T = 4.3 MeV .
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Figure 7.5: Net density map of the RCF layers presented in figure 7.3.
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Figure 7.6: RCF net density as a function of the proton beam energy component. The

beam temperature T = 4.3 MeV was inferred from an exponential fit. Values correspond

to the integrated net density of each film piece.
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7.4 Face-on probing

Evidence of proton deflections induced by the presence of a plasma was firstly ob-

tained when the foil targets were probed during the interaction of a laser pulse. The

modulations of the proton beam cross-section were most intense at 400 ps after the

rising edge of the heating pulse. Figure 7.7 presents a series of RCF layers from

a laser shot at an intensity of 8 ·1014 Wcm−2. Centred in the beam cross-section

a rose-like pattern is clearly visible. The diameter of the affected region is about

700-800 µm on the target plane, whereas the laser focal spot was set to 100-120 µm.

Layers 1 to 5 are not shown here, since the corresponding radiochromic film was

damaged or overexposed because of the high brilliance of the proton beam. One of

the key features of the shot is that the modulation pattern does not change from

layer to layer, apart from a geometric rescaling consistent with the divergence of the

proton beam. Therefore the dynamics of the plasma and of the quasi-static e.m.

fields causing the modulations is evolving on a timescale longer than the probing

delay between the different energy components of the beam. Analysis of the com-

plete set of data collected in the experiment shows that the modulation patterns

remain unmodified over the range of layers from no 4− 5 to no 15− 18. The typical

probing time spanned by those layers is of the order of 10 picoseconds, setting a

lower limit on the aforementioned dynamic timescale.

Direct comparison of figures 7.3 and 7.7 shows immediately the difference in cross-

section modulations induced by the plasma. A more quantitative analysis using the

Fourier transform indicates that the modulations caused by the e.m. fields that

permeate the plasma have wavelengths ranging from 40 to 150 µm. The solid line

in figure 7.8 represents the spectrum of spatial modulations of a typical radiograph

when no plasma was formed on the target. All the lengths reported hereafter are

evaluated in the target plane. The bump at λ ∼ 300 − 700 µm is indicative of the

fact that the whole beam has a transverse radius of about 700 µm when it reaches

the foil target. Amplitudes at λ > 1000 µm are spurious and are introduced by the

Hanning window used in the calculation of the Fourier transform.
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Figure 7.7: Face-on shot showing the modulations induced in the proton beam by the

plasma. The probe was fired after a 400 ps long laser heating of the target at 8·1014 Wcm−2.

The spatial spectrum of one of the layers presented in figure 7.7 is also drawn using

diamonds in figure 7.8. For comparison reasons the two spectra are normalised at the

zero spatial frequency, not shown in the plot. In the region from λ = 40 to 150 µm

the spectrum departs from the reference one by as much as a factor of 10 in amp-

litude ratio. To check that this part of the spectrum actually represented the ob-

served pattern, a high-pass filter was used to extract spatial frequencies higher than

1/150 µm−1, i.e. wavelength less than 150 µm, and the spectrum was transformed

back using the inverse Fourier transform. The result presented in figure 7.9 shows

that the original modulation pattern was reproduced. Investigating the possible

causes of the cross-section modulation, one of the candidates is clearly the presence

of density modulations inside the plasma. Density perturbations may arise from the

turbulent material flow in the plasma plume, and their presence is clearly suggested

by the features of the pattern recorded in the radiographs. A simple calculation

will show that in fact the effect of density perturbations cannot be regarded as the

main cause of pattern formation. As presented in figure 7.10, the amplitude of the

observed modulations is about 20 to 30% of the unperturbed signal. The signal of

the considered layer was mainly due to 10 MeV protons. Going through the foil

thickness, those protons loose a small fraction of their energy to the target material.

The aluminium foil in the face-on configuration presents to incoming particles an

areal density of 2.7g/cc·25 µm = 6.75×10−3 g/cm2. The stopping power for a 10 MeV
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Figure 7.8: Fourier analysis of layer no 8 (16 MeV protons), as shown in figure 7.7. Solid

line is the reference spectrum of a shot without preformed plasma. Diamonds represent

the spectrum in presence of plasma. The amplitude (in arbitrary units) shown here is the

average value of the amplitudes contained in the circular corona between λ and λ + dλ.

a.u.

µm

µm

Figure 7.9: Reconstructed modulation pattern after a high-pass filter in spatial fre-

quency space. Only spectral components with λ < 150 µm were retained.
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proton in solid aluminium is 33.8 MeV/(g cm−2), and therefore the proton energy

loss going through the foil thickness is 33.8·6.75×10−3 = 0.230 MeV ( ∆E/E = 2%).

Simulations of the experimental conditions1 show that after 400ps the amount of

ablated material, especially away from the focal spot, is less than 10% of the total

thickness. Therefore it is only the areal density of this 10% that can cause the

modulation pattern. The maximum energy loss would be then about 0.2%.

Figure 7.10: Amplitude of the modulations. Left panel presents the net density of a

RCF layer and the outline of the region from which the profile has been extracted. The

lineout has been rescaled to its peak value and a tentative unperturbed signal is shown

(dashed line).

1see section 7.6.2.
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7.5 Side-on probing

Face-on probing gives a clear indication of the distribution and size of the structures

in the target plane, side-on probing shows how far those structures extend into the

low density plasma plume. Foil targets were placed edge-on in the proton beam,

as illustrated in figure 7.11. As in the face-on arrangement, a 5 GW heating pulse

was focused onto the target to generate a plasma on the foil surface. After a delay

of 200, 400 or 800 ps the proton beam was fired to probe the preformed plasma at

different times. Again the structures were found to be more pronounced after 400

ps. The three layers presented in figure 7.12 were taken 400 ps after laser irradiation

at 1014 Wcm−2. Several filamentary structures can be seen departing from the foil

surface and extending almost normally to the foil surface for up to a millimetre.

Although a fine structure is present around each filament, it appears that the fila-

ments are not merging or entangled, each one maintaining its own individuality and

direction.

plasma forming
pulse

CPA pulse

proton beam

RCF
detector

aluminium foils

plasma

Figure 7.11: Experimental set-up for side-on probing of preformed plasma.
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Figure 7.12: Net density image of a side-on shot. Contrast has been enhanced to reveal

the fine structures present in the beam. Dashed lines show the position of the foil target

and the mount on which the foil was glued. The linear scale relates to the plane that

divides the target in two along the width.

Fourier analysis of the radiographs taken in the side-on configuration, as in fig-

ure 7.13, shows that the transverse modulations are concentrated in the region of

λ & 100 µm and extend for up to 1000 µm. Shorter wavelengths appear just in

front of the foil surface where probably the filaments are generated. Again an in-

crease in finer modulations is observed at the end of the filaments. This seems to

suggest that the filamentary structures are formed near the ablation region of the

target, and propagate then in the form of filaments under the confining force of a

self-generated magnetic field. Where the conditions for the filament existence fail to

be satisfied, filaments break up and as a result short wavelengths appear at the end

of the range. This empirical observation is at the basis of the model that we will

describe in section 7.9.
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spatial frequency [1/µm]

µm

Figure 7.13: Fourier analysis of the 10 MeV RCF layer (inset) presented in figure 7.12.

The spatial frequency spectrum is plotted against the distance from the target surface.

Dashed lines mark the position of λ = 100µm modulations.
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7.6 Plasma expansion

In order to monitor the density of the preformed plasma, transverse optical probing

was used in the face-on set-up to obtain interferograms of the plasma at the time

of the proton probing. This diagnostic was useful to correlate the distribution of

observed structures in the proton beam to the actual size of the plasma. It also

supplied experimental density profiles to compare with hydrodynamic simulations.

Once a good agreement was found, the simulated plasma expansion was used to

infer the plasma conditions generated in the experiment.

It is important to note here that the actual portion of the proton beam cross-section

that presents a clear modulation pattern is related more to the size of the preformed

plasma at the time of the proton probing than to the diameter of the laser focal

spot. Figure 7.14 shows the relative dimensions of the main features of a face-on

radiograph. The diameter of a typical probe beam of 20 degree divergence is about

1.5 mm on the target plane. The laser focal spot was set to 100 − 120 µm in the

shot corresponding to panel b) in the figure. The self-emission spot recorded on

the interferogram is consistent with a focal spot of 100 µm. The region over which

the structures are observed has a diameter at least 5 times larger than the nominal

focal spot, and its size is consistent with the extension of the plasma generated in

the considered shot. In the following sections the analysis of the interferometric

data and the density profiles obtained from numerical simulations are presented to

support this observation.

7.6.1 Interferograms

Interferograms of the foil targets were taken in the face-on configuration at 400 ps

after the start of laser heating. The set-up of the interferometer is described at

page 56. The interferograms were recorded on photographic film and then digitised

for the numerical analysis. The collected fringe patterns were converted into phase

shift maps, and the electron density was obtained using a numerical Abel inversion
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Figure 7.14: Comparison of interferographic data a) with a proton image b). The linear

scale applies to all panels. Data from a face-on shot taken after 400 ps of laser irradiation.

Panel c) illustrates the size of the proton beam cross-section, the area covered by structures

and the nominal size of the laser focal spot on target.

algorithm. This technique for analysing interferograms is described in detail in sec-

tion 5.2.1.

Figures 7.15 and 7.16 present the density contour maps for the intensity regimes

generated in the experiment, i.e. about 1015 Wcm−2 and 1014 Wcm−2 respectively.

The higher intensity corresponds to a nominal focal spot of 100 µm, whereas the

lower intensity corresponds to a 300 µm focal spot.

The interferograms show that the plasma had to a good degree a cylindrical sym-

metry, so that the analysis outlined in the diagnostics chapter could be applied.

The horizontal axis in the plots represents the direction normal to the foil surface,

and the vertical axis is the radial distance from the symmetry axis. The electron

density is given as a fraction of the critical density nc of the incident laser, namely

nc = 3.96 1021cm−3.

The maximum electron density nmax measured in the interferograms is of the order

of 0.05 nc ∼ 2 1020cm−3. The region of plasma with density greater than nmax is not

accessible to the probe, and is marked by a hatch pattern in the contour maps. In

the case of a 100 µm focal spot, this dense region has a radius of about 200−250 µm

(see figure 7.15), and is comparable in size with the structures observed in the proton

beam, as outlined in figure 7.14.
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Figure 7.15: Electron density ne contour map for a 100 µm focal spot after 400 ps of

irradiation at 1015 Wcm−2. Values expressed as a fraction of the nc of the heating pulse.

Maximum measured density nmax = 0.05 nc. Density scalelength on axis is about 75 µm.

Hatch pattern indicates region inaccessible to the probe.
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Figure 7.16: Electron density ne contour map for a 300 µm focal spot after 400 ps of

irradiation at 1014 Wcm−2. Density scalelength on axis is about 80− 90 µm.

7.6.2 Hydrodynamic simulations

A series of numerical simulations were carried out to complete the description of

the plasma conditions produced in the experiment. The simulations were performed

using the hydrocode NYM at the A.W.E. Aldermaston computing centre, UK. The

geometry and the input parameters to the code were matched to the experimental

conditions. Figure 7.17 presents a simulation snapshot at 400 ps after the start of

laser interaction. The laser intensity and the focal spot size were consistent with

those of contour plot 7.15. The simulated ne is in good agreement with the measured

electron density, yielding similar scalelength and radial extension. At 400 ps, the

critical density surface is still located within 10 µm of the original foil surface.
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Figure 7.17: Hydrodynamic simulation of a laser interaction with an Al foil at the

intensity of 8·1014 Wcm−2. Spatial units in cm, material density (dens) in g/cc, electron

density (edens) as fraction of critical density nc, electron temperature (tempe) in keV.

Timeframe is 400 ps after the beginning of the laser pulse. Focal spot is 100 µm.
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200 ps 800 ps400 ps

600 µm

Figure 7.18: Time sequence for a 100 µm focal spot interaction in face-on configuration.

Time of probing (arrow) with respect to the heating pulse profile is shown in the insets.

Each image corresponds to a different laser shot.

7.7 Evolution in time

In order to investigate the evolution of the observed structures, a sequence of proton

images were taken for the same laser-target conditions at different times. A struc-

ture pattern begins to appear early on (around 200 ps) during the interaction, but

the amplitude of the modulations is moderate (see figure 7.18). After 400 ps, the

structures have fully developed and have reached the maximum intensity recorded

in the experiment. Later on, when the laser pulse has ceased (800 ps), the proton

image presents a faint modulation pattern, almost indistinguishable from an unper-

turbed2 proton beam.

A number of elements suggest that the energy transport inside the plasma could

be at the origin of the observed structures. First, the size of the observed structures

is several times that of the focal spot, and most of the laser energy is deposited

near the original foil surface in an area comparable to the focal spot. Second, the

structures grow on a timescale of the order of 100 ps. Hydrodynamic simulations

show that this timescale is compatible with the heat wave propagation away from

the laser interaction region. Third, the structures almost disappear within 200 ps

from the moment the laser pulse has ceased. This suggest that a net energy input

and therefore a sustained energy flow inside the plasma are necessary to maintain

the structures.

2the proton beam generated in the experiment had a noticeable intrinsic modulation, as shown

in section 7.3.
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7.8 Changing irradiation conditions

The effects of different intensity regimes and laser focal spot sizes were also investig-

ated. Figure 7.19 presents proton images taken from four different laser shots. The

probing time is the same for all images, namely 400 ps. Two intensity regimes were

explored: 1015 Wcm−2 (panels a and b) and 1014 Wcm−2 (panels c and d). The high

intensity images correspond to the same laser-target conditions, and indeed present

the same key features, which have been analysed in the previous sections.

500 µm

a) b) c)
d)

f.s. ~ 100 µm f.s. ~ 100 µm f.s. ~ 300 µm f.s. ~ 250 µm

400 ps

Figure 7.19: Proton images of laser interaction with aluminium targets in the face-on

configuration. Panel a) and b) are for a 100 µm focal spot and an irradiation intensity of

1015 Wcm−2. Panel c) and d) correspond to a 250− 300 µm f.s. and at about 1014 Wcm−2.

Timeframe is 400 ps.

The low intensity images were taken in the same intensity regime, namely

1014 Wcm−2, but the focal spot parameters were quite different. In one shot (panel

c) the focal spot of about 300 µm was obtained by defocussing the f/10 lens (see fig-

ure 7.2). In the other shot (panel d) the lens was set to the best focus position and

a Phase Zone Plate (PZP) was inserted. The PZP was made to produce a nominal

focal spot of 250 µm in diameter[Stevenson et al., 1994]. Again, as in the shots with

smaller focal spot, the region over which structures are observed is larger than the

nominal focal spot by a factor of 5 at least. The average dimensions of the structures

is about 250 µm. Although there are differences between the two images (panel c

and d), it is not evident whether the differences can be attributed to the changed

focal spot characteristics, or fall just within the expected shot-to-shot variation.
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Side-on images were not conclusive either, but showed that the structures are longer

and more pronounced in the low intensity regime. Furthermore the structures are

generated near the ablation surface of the target, since in all cases they are clearly

visible near to the original position of the foil.

7.9 Filamentary structures

The up to here presented experimental evidence supports the hypothesis that the

deflections induced in the proton probe are caused by the presence in the plasma

of filamentary structures. These structures appear to be linked to energy transport

phenomena inside the plasma. The amplitude of modulations in the proton beam

cross-section could not be ascribed to density perturbations only. The existence of

intense electromagnetic fields is therefore necessary to account for the large deflec-

tions experienced by the probing particles. Face-on proton images show a perturbed

region much larger than the laser focal spot and divided into several adjacent cells.

Side-on probing indicates that the structures have the form of filaments extending

in the direction normal to the target. Filaments appear to be weakly- or non-

interacting with each other and non-merging. Furthermore the structures extend

over 5-6 orders of magnitude in density, while their deflecting power seems to re-

main unchanged and unaffected, as figure 7.20 illustrates. This fact clearly suggests

that the filaments, originating in the denser region of the plasma, extend into the

corona dragging along the e.m. fields that surrounds them. The configuration of

the electric and magnetic field would be such that the plasma is confined inside the

filament.

Summarising all parts of the analysis, a tentative description of the filaments’ form-

ation and evolution can be outlined as follows. Throughout the duration of the

heating pulse, the laser energy is deposited mainly in a small region surrounding the

position of the focal spot in vacuum. Figure 7.21 presents a schematic diagram of

the laser-target interaction. Foil ablation is initiated by a temperature wave that
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Figure 7.20: Overlay of proton image and interferometric measurements. Data corres-

ponding to a 300 µm laser focal spot. Electron density ne contour level expressed as a

fraction of the nc of the heating pulse.

propagates away from the focal spot heating up the surface of the target. The

region in front of the ablation layer presents the ideal conditions (low-temperature

and high-density) for the development of an electro-thermal (ET) instability [Haines,

1981, 1974]. The seed for the instability are the perturbations present in the tem-

perature wave front. Non-uniformities in the ablation flow are amplified by the ET

instability and are shaped into filaments by the self-generated magnetic field3. The

filaments leave the region where they formed together with the ablation flow. The

magnetic field tends to be transported convectively with the filament and, winding

around the filament, supplies the confining force. An important contribution to the

stabilisation of the filament formation mechanism could come from the convective

amplification of the B field by the heat flow [Nishiguchi et al., 1984]. This would

imply that the magnetic field lines are compressed by the heat flow near the ablation

layer, enhancing the confining effect of the field and forcing more ablated material

to flow inside the filament.

Having this picture in mind, a particle-tracing code was developed to simulate the

interaction between the protons in the probe beam and user-prescribed e.m. field

3indication that this could happen comes from a one-dimensional treatment of the ET instabil-

ity [Haines, 1981].
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Figure 7.21: Schematic diagram of the laser-plasma interaction at about 400 ps of

irradiation. Features were extracted from hydrodynamic simulations, interferometric data

and proton images.

configurations. The code PTRACE is briefly described in appendix A. Particles

were traced one at a time through the field structures, and the beam cross-section

was reconstructed accumulating the proton counts in the detector plane. The input

parameters describing the proton source (such as location, direction, divergence,

etc.) were taken from the experimental measurements. The amplitude of electric

and magnetic field were prescribed on the basis of the simple calculations outlined

in the following sections. An estimate for the e.m. fields probed by the protons was

obtained by varying the amplitude of those fields until a good match to the collected

radiographs were reached.
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7.9.1 Proton deflection by a filament

A charged particle propagating through a region of non-zero transverse electric field

is deflected from its original trajectory by the Lorentz force acting upon it. If the

total impulse received by the particle is small compared to the initial momentum,

the angle δ between the original and final trajectories of the particle can be expressed

as

δ =
∆mv

mv
=

∫
qEdt

mv
' qÊ

mv

L

v
=

qÊL

2Ep

, (7.1)

where mv and q are the momentum and the charge of the particle, ∆mv is the ac-

quired momentum and Ep is the kinetic energy of the particle. The linear dimension

of region where E 6= 0 is L, and the time- and space-averaged value of the electric

field in the region is Ê.

The finite size of the proton source ultimately imposes a lower limit for the deflec-

tion. If δ is less than this limit, then it cannot be revealed by the RCF detector. In

our experimental conditions, the size of the (virtual) source can be estimated to be

about 10 µm in diameter for Ep > 5MeV , as reported in section 3.2. The typical

source-to-screen distance was set to about 25 mm, so that the angle subtended by

the source on screen is 5 µm/25mm = 2·10−4rad. It can be assumed therefore that

the minimum observable deflection δmin is of the order of 10−3rad.

Inserting δmin and Ep = 10MeV in equation 7.1, the minimum electric field Ê for

10 MeV protons can be expressed in terms of the interaction length L by

Ê(L) =
2·104

L

V

m
. (7.2)

Proton deflections will be resolved by the RCF detector, if the average electric

field is greater than the one given by this formula. For L = 10, 100 and 1000 µm,

the minimum field reads E = 2·109, 2·108 and 2·107 V/m respectively. According to

the collected proton radiographs for side-on and face-on probing, the filaments can

be 700− 1000 µm long and have a diameter of 100− 200 µm. Thus an electric field

greater than 108 V/m is needed to account for the side-on deflections, if only E field’s

effects were considered. When probing along the filament (face-on configuration),
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an electric field of 107 V/m would be needed to cause an observable deflection for

10 MeV protons.

When only the magnetic field is taken into account, the requirements on the

minimum B field for side-on and face-on probing are quite different. Let us assume

that the filament has an azimuthal Bθ field winding around it. A proton travelling

along the filament axis will experience a radial force given by

ev ×B = e vzBθ r̂ , (7.3)

where cylindrical coordinates have been used, and the filament is oriented in the

z-direction.

Assuming that the velocity acquired in the radial direction is much smaller than the

initial velocity vr � vz, as in the E field case above, the expected deflection can be

written as

δ =
∆mvr

mvz

=

∫
evzBθdt

mvz

' evzB̂θL

2Ep

, (7.4)

where B̂θ is the average magnetic field along the particle trajectory, and L is the

length of the filament. An estimate for the lower limit of the B field is therefore

given by

B̂(L) =
4.5·10−4

L
Tesla , (7.5)

which is valid for 10 MeV protons (vz = 4.4·107 m/s) in the face-on configuration.

For filamentary structures 700−1000 µm long, a magnetic field B greater than 0.5 T

is needed to cause observable deflections when probing along the filaments.

When the protons propagate in a direction orthogonal to the filament (v = vx),

the v×B force is directed along the filament axis and changes orientation on crossing

the x = 0 plane. The particles will be first accelerated in one direction, and then

in the opposite one. Along the filament direction the net impulse transferred to

the particles will be zero, to a first order approximation. The effect on the proton

trajectory will be a shift in the z-direction without any deflection, as illustrated

in the left panel of figure 7.22. Here the right panel shows a series of simulated

cross-sections of the proton probe as it propagates through the target region. The
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Figure 7.22: Deflection by magnetic field. Left panel illustrates the trajectory of a

proton crossing a B field filament. Solid curve shows the actual trajectory, while the

dashed line indicates the original unperturbed path. Right panel presents a series of

simulated cross-sections of a proton beam from 1 mm in front of the filament to 5 mm

behind the filament. Protons are emitted from a line source transverse to the filament

axis. Horizontal rulers correspond to 100µm.

particles are emitted on a plane orthogonal to the filament’s axis in order to better

understand the effect of the azimuthal B field. In section x = −1 mm it is clearly

visible the region where the particles were shifted upwards by the v × B force .

As the beam propagates, the vertical displacement ∆z remains fixed, whereas the

whole beam expands. Thus, just a few millimeters from the target, the central bump

is smeared out and disappears. Nevertheless trace of the presence of a filament is

imprinted on the probe beam, as the particles are accumulated at the edges of the

filament. This is a second order effect that arises from the fact that the particles

first acquire a velocity along the filament vz, and then experience a radial force given

by vz ×B.

When the whole beam is used to probe a filament, the dominant effect of the probe

beam divergence becomes apparent, as shown in figure 7.23. Here the filament is

directed along z, and has a positive azimuthal magnetic field of the order of 2000 T.

Since the beam has a finite divergence, particles hit the filament at different angles

α. The Lorentz force has therefore a radial component with respect to the filament
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Figure 7.23: Proton-tracing image for side-on probing of a filament with B field only.

Panel a) illustrates the geometry of the propagation cone of the proton beam and the

orientation of the filament. The filament has a diameter of 120 µm and is 1500 µm long.

The azimuthal magnetic field has a peak value of 2000 T . The simulated proton image b)

shows that the filament has both a pinching and spreading effect on the proton beam, as

a result of the finite divergence of the beam.

that is proportional to

v sin αBθ , (7.6)

which for angles α ' 1− 5 deg is about 0.02− 0.10 vBθ.

The lower limit for the B field in the side-on configuration can therefore be stated

in a way similar to that of the face-on probing

B̂ =
4.5·10−3

L
Tesla , (7.7)

where it was assumed that, due to the divergence of the beam, the effective velocity

is about 10% of the initial proton velocity. Setting L to about the typical size

of filaments’ diameter,i.e. 100 µm, the lower limit for the magnetic field in side-on

configuration is found to be of the order of 50 T.

It is important to note that the geometry of the filament-probe system eventually

determines the effect of a magnetic field on the proton probe. Depending on the

relative orientation of fields and particle trajectory, the same B field configuration

can have a focussing or defocussing effect on the probe beam. This is clear in

figure 7.23, where it is possible to observe a transition from a defocussing region

(z < 0) to a focussing one (z > 0).
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7.10 Proton-tracing simulations

A series of proton-tracing simulations were carried out in order to estimate the

magnitude of the e.m. fields involved in the experiment, and to shed light on the

field configurations compatible with the collected data.

To this end, the filamentary structures observed in the experiment were modelled

by a set of adjacent tubes bundled together. The tube diameter had an average

value of 80 µm ranging from 60 to 100 µm, according to the data analysis outlined

in section 7.4. The total number of tubes was determined by the area covered by

the structures in the face-on configuration probing. This corresponded to a typical

number of 50 tubes in the bundle. In most of the simulation runs the length of

the bundle was set to 500 µm, an average value of the filament length observed for

different irradiation conditions and at different times. Protons of 10 MeV emitted

in a 20o cone were sent through the bundle along the length of the tubes (face-on)

and across the tubes (side-on). The deflected particle were counted in the film plane

and the proton beam cross-section was reconstructed.

The electric field in the tubes was radial, whereas the magnetic field was azimuthal4.

Simulations were carried out with E field only and B field only, in order to separate

the effects of the two fields on the proton beam.

Figure 7.24 presents the results of a series of simulations in the face-on configur-

ation. The generated modulation patterns had been rescaled to the same intensity

range and were compared to the RCF image of a face-on shot. When the E field

was set to point radially outwards, see panel b), the simulated pattern presented a

set of hollow cells, with protons being deflected away from the tube core. On the

other hand, see panel c), configurations of electric field pointing inwards led to a

set of accumulation centres on the detector plane. Similar results were obtained for

positive or negative Bθ field respectively. Panel d) shows that positive B led to a

hollow pattern cross-section. Collected data appear to be consistent with an E field

4See Appendix B for a description of the field profiles in the tubes.
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pointing outwards and/or a positive azimuthal B field 5.

Simulations indicate that for E ≤ 108V/m the 10 MeV protons are almost un-

affected by the bundle structure. A pattern consistent with the data is generated

for electric fields of the order of 5 · 108 to 1 · 109V/m, whereas E fields larger than

5 · 109V/m destroy the image pattern on the detector plane. Similarly it can be

seen that the B field is expected to be in the range of 5 to 10 Tesla, for the face-on

configuration.

When the structures were traced in the side-on configuration, E fields in the same

range, namely 5·108 to 5·109V/m, were necessary to account for the observed proton

deflections. Conversely, the requirement on the B field was found to be completely

different from the face-on runs, and the magnetic fields necessary to the pattern

formation were between 100 and 500 Tesla.

Table 7.1 reports the results of a series of runs with different values of the E and

B fields. The signs ”-,0,+” were here used to indicate that the field amplitude was

respectively too low, about right or too high to reproduce the modulation pattern.

It can be seen that E field requirements present overlapping ranges for the face-on

and side-on configuration, whereas this is not true for the magnetic field. This leads

to the conclusion that the modulation patterns observed in the experiment can be

ascribed to quasistatic electric fields present inside the plasma. Furthermore it is

likely that magnetic fields do not play a major role in the deflection of the proton

beam.

A series of runs with different values for the E field and the tube length is summar-

ised in figure 7.25. This parameter scanning confirms that the electric fields present

in the tube bundle were in the order of 109V/m.

5The tubes are directed along the normal to the target surface. Hence a positive Bθ corresponds

to the magnetic field produced by a current flowing away from the target along the tube axis.
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Figure 7.24: Proton beam cross-sections generated via particle-tracing of 10 MeV pro-

tons through tube bundle in the face-on configuration. Panel a) presents the pattern

observed in the experiment, the intensity wedge for the images, and a schematic descrip-

tion of the face-on probing. A series of runs with E field only directed radially outwards

and inwards is shown in panels b) and c) respectively. Panel d) is a sequence with varying

positive B field. E field values are in V/m, and B field is given in Tesla.
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Face-on probing Side-on probing

E ( V
m ) 1e8 5e8 1e9 5e9 1e10 E ( V

m ) 1e8 5e8 1e9 5e9 1e10

- 0 0/+ + + - -/0 0 0/+ +

B(T ) 1 5 10 50 100 B(T ) 10 50 100 500 1000

- 0 0 + + - - - + +

Table 7.1: Face-on and side-on proton-tracing simulations with varying E and B

fields. Field amplitude is too low (-), about right (0), or too high (+) to reproduce

the observed modulation pattern.

109

5·108

5·109

1010

108

(µm)

(V/m)

no deflection

small deflection

hollow pattern

fuzzy pattern

tube length

E

Figure 7.25: Parameter scanning for value pairs of E field and tube length.
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7.11 Summary and discussion

The presented data show the distribution and configuration of quasistatic electro-

magnetic fields connected to filamentary structures in a laser-produced plasma. The

intensity regime investigated during the experiment is one of the most relevant to

the direct drive scheme for ICF. It is therefore of paramount importance to under-

stand the dynamics of the filaments, and their effects on the plasma expansion.

Similar filaments and plasma jetting have been observed in the laser irradiation

of spherical solid targets[Willi and Rumsby, 1981, Willi et al., 1982]. A common

feature, that is shared by our observations, is that the filaments are generated in

a region larger than the focal spot. Additionally, the filaments are oriented along

the normal to the target surface, and extend on a straight line. Faraday rotation

images collected by Willi et al clearly showed that the filaments and plasma jets

were surrounded by an azimuthal magnetic field of a few hundred Tesla, in their

experimental conditions.

As shown in figure 7.14, the proton images collected in the face-on configuration

present a pattern of cells distributed on an area up to 5 times larger in radius than

the laser focal spot in vacuum. Interferometric measurements indicate that the ex-

tent of this area is consistent with the “size of the plasma”. Side-on images show

that the filaments are originating within 50 µm from the original foil surface, i.e.

very close to the ablation layer. The structures extend in time up to 1 mm from

the foil, and their evolution closely follows the temporal profile of the laser pulse.

The transverse dimension of the filaments was about 80 µm, as indicated by face-on

proton images.

The structures were modelled by a bundle of adjacent tubes, each one with a radial

E field and an azimuthal B field. A particle-tracing code was used to simulate the

propagation of the proton probe beam through the bundle, and to reconstruct the

beam cross-section in the detector plane. According to the simulations, it was found

that the modulation pattern induced in the proton beam could be attributed to

the effect of a radial E field in the filaments comprised in the range from 5 · 108 to
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5 ·109V/m. The contribution of a B field was ruled out, because a ∼ 200T magnetic

field was necessary to account for the deflections in the side-on configuration, but

such a large field would have disrupted the proton beam cross-section in the face-on

configuration.

The formation of the filaments could be ascribed to the development of an ET

instability seeded by the thermal wave propagating away from the laser energy ab-

sorption region. Indications that filaments could be formed as a result of an ET

instability come from a 1D perturbative calculation[Haines, 1981]. An extension to

2D or 3D is needed in order to shed light on the filaments’ generation. Collection of

a similar set of measurements using targets of different materials could discriminate

among various types of instabilities and help understanding the dynamics of the

heat flow inside the plasma.



Chapter 8

Highly transient electromagnetic

fields in ultra-intense interactions

The proton imaging technique was for the first time used to study the interaction of

a 1019 Wcm−2 laser pulse on a solid target. The charging up of the whole target was

observed. This is thought to be due to the expulsion from the interaction region of

a population of supra-thermal electrons accelerated by the laser pulse. The evolu-

tion in time of the net charge present on the target was resolved on a picosecond

timescale.

Collected data show the development of an instability in the coronal plasma, which

was interpreted as a current filamentation with associated electromagnetic field

structures. Estimates for the order of magnitude of the involved e.m. fields were

obtained both via proton-tracing simulations and via analytical calculations.

8.1 Experimental set-up

The data presented in this chapter were obtained during an experimental campaign

at the Rutherford Appleton Laboratories in October 2000. In that occasion the CPA

line of the VULCAN laser was split into two temporally independent beams. For
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the first time it was possible to generate a proton beam and use it to diagnose, on

the picosecond timescale, the interaction of an ultra-intense laser pulse with a solid

target.

The total output energy of VULCAN was divided almost equally between the two

CPA2

RCF
detector

Al foilCPA1

2 mm25 mm

main target

proton beam

Figure 8.1: Set-up for ultra-intense short interaction studies.

CPA beams, which were focused to a typical intensity of 1019 Wcm−2 using off-axis

parabolic mirrors. The time delay between the two beams was controlled by a tim-

ing slide inserted in the beam path before the main amplifiers. Figure 8.1 shows a

top view of the experimental set-up. The interaction beam CPA1 was focused onto

targets of various shapes (micro-spheres, wires, foils) and of different composition

(aluminium, tantalum, glass, plastic). The proton beam was generated by focusing

the CPA2 pulse onto a 3 µm thick aluminium foil positioned at 2 mm from the

interaction point of CPA1.

The beams were synchronised at the interaction point on the main target using a fast

streak camera with picosecond resolution. The parabola for CPA2 was then moved

back by 2 mm in order to focus the beam onto the Al foil, effectively lengthening

the beam path of CPA2 by 4 mm. Taking into account that the focal plane of CPA2

had also changed, CPA2 hit the foil 2mm/c ∼ 6ps after CPA1 hit the main target,

with respect to the streak camera timing. This time offset was taken into account



8.2 Proton radiography of a micro-sphere 135

in the data analysis.

A stack of radiochromic film was placed in the propagation cone of the proton beam

to detect the particles after their interaction with the plasma and the electromag-

netic fields generated around the target. The RCF detector has been described in

section 5.3. The target-to-detector distance was set to 25 mm, resulting in a geo-

metrical magnification factor of about 14× depending on the RCF layer considered.

8.2 Proton radiography of a micro-sphere

The analysis presented in this chapter focuses on a single laser shot in which the main

target was a glass micro-sphere. The simple geometry and the spherical symmetry of

the target allow a detailed analysis of many features present in the interaction. The

spectral selection operated by the RCF detector separates the information contained

in the proton beam into several time-frames, and the temporal evolution of the char-

ging and discharging of the whole target is revealed. In fact each energy component

of the proton beam corresponds to a different particle velocity and therefore to a

different time of flight from the proton source to the main target. As a consequence,

particles with different energies reach the target at different times during the laser

interaction of CPA1. Thanks to the quasi-neutrality of the proton beam, the inform-

ation about the proton-target interaction is retained in the form of modulations of

the proton beam cross-section.

Figure 8.2 shows the first 3 RCF layers of the micro-balloon shot. Each ra-

diochromic film had been split in two parts by removing one of the two glue layers

in an ethanol solution. Therefore each image corresponds to a single active layer 1.

The glass sphere had a diameter of 150 µm and was mounted on top of a glass pin.

The CPA1 interaction pulse hit the sphere from the right-hand side in the picture, as

outlined in figure 8.3. In the laser shot analysed here, the RCF detector was encased

1In this chapter a mixed convention will be used to refer to the active layers. If no letter A or

B are used, then the active layer is labelled by its progressive number. For instance, active layer

no 3 is the same as active layer 2A.
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Figure 8.2: Scanned images of the first 3 radiochromic film layers of the detector. Time

ordered sequence of the charging-up of a micro-sphere following laser interaction. Time

estimates for each frame are based on the time of flight of protons that contribute most

to each layer. The peak of the laser pulse is at t=0.

in a aluminium box. The walls of the box were 2 mm thick, and the front side had

a circular hole 2 cm in diameter. The sharp circular edge in the radiographs is due

to this round aperture.

In figure 8.2, the active layers are laid out in order to reconstruct the temporal se-

quence of the target evolution. Thus deeper layers, corresponding to higher proton

energy, are placed first, because the time of flight, and therefore the probing time,

increases with decreasing energy of the protons.

A qualitative description of the interaction can be briefly outlined if we focus

our attention on the protons that contribute to most of the signal in each layer.

For instance, the proton mean energy is ∼ 9.3 MeV for layer 3B, ∼ 7.4 MeV for

layer 2B, and ∼ 3.4 MeV for layer 1A. By the time the 9 MeV protons reach the

interaction point, the target is already positively charged. This is probably due to

expulsion of fast electrons in the laser-plasma interaction. Most of the electrons
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accelerated by the laser pulse will be dragged back to the target as soon as a charge

separation is set up. Only the most energetic tail of the electron distribution will

escape the electrostatic potential of the ions left behind, and this will generate a

net unbalanced charge. As a consequence, a radial electric field will arise with

a centre of symmetry located at the centre of the micro-sphere. Protons will be

deflected away from the centre and a hole will form in the proton beam cross-section.

When the interaction pulse has ceased, the electron cloud surrounding the target

collapses under the electrostatic pull, since there is not an active mechanism for

electron acceleration. At this stage the electric charge lost to the runaway electrons

is probably replenished via the shortest electric circuit available, i.e. through the

glass pin and the stalk that support the target. Layers 2A and 2B show the target

at the early stages of the discharge. In layer 1A, at about 30 ps after layer 3B,

the target is almost electrically neutral again, as it is clearly visible from the glass

pin. The most striking feature at this point in time is the formation of filamentary

structures that appear on film as striations. These are present already in layer 2A,

2B and 1B, and are fully developed in layer 1A.

The proton signal falls below the detection threshold at layer 3B, and this seems to

be consistent with a cut-off at 10 MeV in the probe beam. Such cut-off at high energy

has also been observed with different diagnostics at a higher intensity regime [Clark

et al., 2000].

micro-sphere

aluminium mask edge

glass pin

stalk

Figure 8.3: Diagram showing the orientation of the micro-sphere in the proton images.

The direction of laser interaction is also indicated.
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8.3 Temperature of the proton beam

An important parameter of the proton beam is the temperature T that describes

the energy distribution of the beam. This temperature is linked to the temporal

resolution of the proton imaging diagnostic, as we shall see in the following.

To determine the temperature, the active layers were digitised, and then the signal

intensity was converted to net density. For each piece of film, two parts had to be

identified: the unexposed film and the unperturbed proton beam. A portion of the

image outside the central disc was used as a reference for unexposed film. A region

on the left of the stalk, as far as possible from the central part of the beam, was

selected, and its mean value was used as an estimate of the proton signal in absence

of fields.

In order to establish the experimental temperature, the response of each active

layer was computed for a series of temperatures and eventually compared to the

experimental points to obtain a match. The radiochromic film response to a beam

with uniform energy distribution, as depicted in figure 5.16 on page 71, was rescaled

by a Boltzmann exponential with parameter T . The total energy deposited in the

active layer was then obtained integrating the curve. Finally the signal on film was

assumed to be proportional to this integral value. As it has been pointed out in

the description of the RCF stack detector, the underlying hypothesis is that the

response of the film is linearly proportional to the total energy absorbed in the

active layer, i.e. the dose. This hypothesis is valid in the present analysis, since

the irradiation conditions were far from the saturation region. Eventually the best

matching temperature was found to be T = 1.5MeV, with an uncertainty of about

0.1 MeV (see figure 8.4).

Having determined the temperature T , it is possible to give an estimate of the

temporal resolution of each image. To do so, the response curve of each active layer

is rescaled by T and the energies corresponding to the low energy cut-off, the 25%,

50% and 75% of the total signal are computed. Finally the time of flight for a 2

mm distance is calculated for the lower cut-off energy and for the 75% of the signal.
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Figure 8.4: Determining the beam temperature for the micro-sphere shot. The net

density obtained from the radiographs (thick line) and the simulated dose are compared

after having been rescaled to a value of 100 for layer no 2.

active layer cut-off 25% 50% 75% t.o.f. cut-off t.o.f. 75% ∆t

1 2.8 3.1 3.4 4.0 86.3 71.8 14.5

2 4.3 4.6 4.9 5.6 69.6 61.1 8.6

3 5.7 6.1 6.4 7.0 60.5 54.4 6.0

4 6.7 7.1 7.4 8.0 55.8 51.2 4.6

5 7.8 8.2 8.4 8.9 51.7 48.4 3.3

6 8.6 9.0 9.2 9.5 49.2 46.9 2.3

Table 8.1: Energies corresponding to the lower cut-off and several fractions of the integral

dose. Time of flight for a 2 mm distance for the cut-off and the 75% energy mark, and

time interval between the two. Energies in MeV and times in ps.
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Figure 8.5: Temporal resolution of each active layer. The two curves delimit the time

of flight of protons responsible for the 75% of the dose.

The difference ∆t between these two times gives an estimate of the probing interval

recorded in each active layer. The temporal resolution increases with increasing

proton energy, but the time difference between consecutive frames approaches zero.

The layers from 2 to 5 are best suited in our conditions to detect highly transient

phenomena. In this part of the detector we have the best compromise between frame

spreading in time and frame resolution. Clearly it is advantageous for this kind of

investigations to use particle beams of relatively low temperature.

Figure 8.5 presents the temporal resolution for a T = 1.5 MeV proton beam,

based on the data contained in table 8.1.
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8.4 Static approximation and simulations

The deflection of protons is mainly caused by the net positive charge generated

in the interaction region. During the transit near the target, protons experience

a macroscopic electric field that is pulsed in time. As a first approximation, the

deflection can be regarded as the scattering of a proton by a static charge Q located

at the centre of the micro-sphere. This effective charge Q can be estimated from

simple considerations and represents the order of magnitude of the total charge

separation induced by the laser interaction.

The deflection of a proton by an electric field E constant in time can be expressed

as

δ =
∆mv

mv
=

∫
eEdt

mv
=

eE

mv

L

v
=

eEL

2Ep

, (8.1)

where mv is the momentum of the particle, ∆mv is the acquired momentum, L is

the length of interaction and Ep is the kinetic energy of the particle.

The radial electric field generated by a point-like charge Q is given by

E(r) =
Q

4πε0

1

r2
. (8.2)

The proton will experience the maximum force at the minimum distance b from

the charge. Since the force drops rapidly with the inverse square of the distance, it

is reasonable to assume that the interaction length L is about twice the distance b.

Therefore, setting L = 2 b, a practical formula for Q is obtained from equation 8.1

Q = 1.1 · 10−10 δ b Ep , (8.3)

where b is expressed in µm, Ep in MeV and the static charge Q is given in Coulomb.

Let us apply this formula to active layer no 5. From table 8.1, the mean energy of

protons detected in layer no 5 is about Ep ' 8 MeV. The radius on the film of the

inner ring is about 5 mm, and the detector is at 25 mm from the target. Thus the

deflection for these 8 MeV protons amounts to δ = 5/25 radians. The maximum

deflection will be observed for protons that almost reach the surface of the micro-

sphere, i.e. b = 75 µm. Inserting all these parameters into equation 8.3, a crude
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estimate of the total charge seen by 8 MeV protons is obtained

Q ' 1.3 · 10−8 C .

The code PTRACE was run for each layer, varying the value of Q until the meas-

ured deflection was reproduced. A series of proton energies and the corresponding

effective charge Q was obtained. The matching sequence for layer no 5 is shown in

figure 8.6. In this case, the actual trajectory is compatible with a value for Q of

1.6 · 10−8 C, which is in good agreement with the empirical estimate just obtained.

Applying this procedure to each layer and converting the proton energy to time of

flight, it was possible to reconstruct an approximated charge pulse that describes the

charging and discharging of the target, as presented in figure 8.7. Here the diamonds

mark the average static charge seen by different energy components of the proton

beam. The horizontal bars indicate the transit time of the protons near the target.

This is the time over which the single particle interacts with the radial electric field.

a) b) c) d)

Q = 1.0e-8 C Q = 1.6 e-8 C Q = 2.0e-8 CQ = 0.0 C

Figure 8.6: Proton tracing for a point-like charge Q with values 0, 1, 1.6 and 2 · 10−8 C

respectively. Cross-section images corresponding to the film plane of active layer no 5.

Proton energy Ep = 8MeV. Reference circles are marked at 1 mm radius step on the film

plane. Image c) matches the observed deflection which is about 5 mm in radius.
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8.5 Dynamic solution for the charge pulse

The proton images collected in the experiment show the interaction of a proton beam

with a charged-up target. Both the probe beam and the charging of target are pulsed

in time. Therefore only a fully dynamical simulation of the proton propagation

through a pulsed electric field can reproduce the observed pattern recorded in the

RCF detector.

The static estimates for the charge Q previously obtained can be used as guiding

points through which a tentative charge pulse has to be fitted. Along with the peak

value of the charge Q0 and the time of the peak t0, another two parameters were

used to characterise the pulse shape: the risetime tr and the decay time td of the

pulse.

The discharge was modelled as a decaying exponential with time constant td. The

charging-up phase was assumed to be proportional to the laser pulse intensity during

the interaction. The rising edge of the VULCAN CPA pulse can be approximated

to a good accuracy by a Lorentzian curve2. Thus a Lorentzian with FWHM equal

to tr was used to describe the rising edge of the charge pulse.

The space of parameters {Q0, t0, tr, td} was explored in a series of simulations using

the PTRACE code. Each run was compared with the deflection pattern observed

for each active layer. Eventually a set of input parameters was found for which

good agreement between simulation and data was obtained. According to this, the

peak of the charge pulse occurred 53 picoseconds after the proton beam left the

source foil. The peak value of the positive charge Q was estimated to be 2.2 ·10−8 C,

corresponding to about 1.4 · 1011 electrons escaping the electrostatic potential. The

timescale for the charging and discharging of the target were found to be of the order

of tr = 8 ps and td = 3 ps respectively. Figure 8.7 presents the charge pulse profile

that corresponds to the best match. The complete sequence of simulated energy

deposition is shown in figure 8.8.

2autocorrelator measurements for a maximum-power CPA pulse of the VULCAN laser show

that the intensity curve lies in between a Lorentzian curve and a sech2 [Danson et al., 1998].
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Figure 8.7: Whole target charge-up and discharge as a consequence of laser interaction.

Static estimates are represented by diamonds. Horizontal bars indicate the transit time of

protons near the target. The charge pulse used in the simulations is shown as a solid line.

6) 5) 4)

3) 2) 1)

Figure 8.8: Simulated pattern that matches best the observed proton deflection. Input

parameters are: Q0 = 2.2 10−8 C, t0 = 53 ps, tr = 8 ps and td = 3.8 ps.
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8.6 Input and output energies

The combined effect of proton beam propagation and the generation of a charge pulse

comparable in duration with the proton beam alters the proton energy distribution

in a non-uniform way. This could change the time of interaction of protons as a

function of the initial energy, and could affect the temporal resolution of the beam-

detector system. A comparison of the free streaming case and the cases when the

electric field is static or pulsed in time can enlighten the situation.

When no macroscopic e.m. fields are present and the protons expand freely in

vacuum, the transit time near the target is proportional to the initial kinetic energy.

In the case of a static positive charge, protons loose energy during their approach to

the target and then regain it at the expenses of the electrostatic potential as they

leave the interaction region. Test particles are deflected by an angle θ which, for

fixed charges, is a function of the impact parameter b and particle energy E

cot
θ

2
=

8πε0

eQ
b E . (8.4)

Figure 8.9 presents the evolution in time of the energy of protons as they approach a

positive charge of Q = 1.6 · 10−8 C. The input energy is 5 MeV for all particles, and

the beam has a divergence of 15 degrees. The geometry is that of the experimental

set-up. The time of flight from source to target is 65 ps for free-streaming 5 MeV

protons. The closest approach corresponds to a minimum in the kinetic energy of

the proton, and this is reached in average at t = 66 ps, as the dip in energy shows

in figure 8.9. The discrepancy of one picosecond is caused by the electric field which

tends to decelerate protons on their approach to the target. The maximum energy

loss amounts to about 10%, but the overall effect on timing precision is confined to

about 1.5%.

The spread in energy is a consequence of the divergence of the beam, which leads to

a range of impact parameters. Depending on b, the particles experience a variable

energy loss during the transit near the target. This variation in energy is cancelled

out at later times, as the particles gain energy from the static field. The final

energy is slightly higher than the initial one because the target-to-detector distance
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Figure 8.9: Average energy of a proton beam interacting with a static positive charge.

The beam is monochromatic with an initial energy of 5 MeV. Error bars correspond to

one standard deviation from the mean energy.

is greater than the source-to-target separation.

In the case of a positive charge pulsed in time, the particle is accelerated or

decelerated according to its position at the time of the charge peak. The time-

varying electric field is not conservative, and therefore any energy spread caused by

the charge pulse will be retained in the proton beam. Figure 8.10 presents a scan

in energy for a charge pulse as the one shown in figure 8.7 and obtained from the

dynamic simulations. Low energy protons, up to about 6 MeV, are too slow to reach

the target before the charge pulse is over. These particles experience just a repulsive

force that decelerates them. The energy spreading becomes more pronounced with

increasing energy, since the protons have time to get closer to the target during

the pulse. At 7 MeV it is possible to observe the appearance of an inversion in

the mean energy curve. Particles are now being decelerated and then accelerated

again by the electric field, as in the static case. Finally protons with more than

9 MeV pass the target before the electric field becomes significant, and therefore
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the electric field mainly accelerates these particles. It is important to note that the

spread in energy is irreversible in the dynamic case, and this leads to a mixing of

the initial energy components. In our conditions, it can be seen that the maximum

spreading ∆E/E is around 5%. This is an average estimate that does not take into

account the connection between impact parameter and energy shift. If the particles

were grouped in terms of their angular deflection, a lower energy spread is expected

between different energy components.

Figure 8.10: Simulation of the average energy of protons interacting with a pulsed

charge. Monochromatic beams of 15 degrees divergence were simulated at one MeV step.

Error bars indicate one standard deviation from the mean value.

In the previous sections, the probing time interval of a given layer was computed

as a function of the time of flight of protons from the source to the target. The

energy of those particles was clearly the final energy recorded in the detector. In

calculating the time of flight, it was assumed that the initial and final energy of the

particle were the same. It is now possible to check the validity of that assumption

and the error introduced in the timing by using it. The solution of the trajectory for

the charge pulse problem is drawn in figure 8.11. The solid lines indicate the average
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position of the protons for a given energy as a function of time. The dark and light

grey bands correspond respectively to one and two diameters of the micro-sphere.

This gives an indication of the region where the particles experience the strongest

interaction with the electric field. For each energy component (from 4 to 9 MeV at

1 MeV step) two other trajectories are plotted. The dotted line is the trajectory of

a free-streaming proton with energy equal to the initial energy of the particle. The

dashed line is the trajectory for a proton with energy equal to the final energy of

the particle, which was the one measured in the experiment. The outcome of this

comparative plot is that the error introduced by the aforementioned assumption

is about one picosecond. The three curves for each energy are in fact within one

picosecond of each other in the interaction region. Furthermore, from the plot it is

possible to state that the time of flight previously given is generally underestimated

by one picosecond.

9 MeV 8 MeV 7 MeV 6 MeV

5 MeV

4 MeV

Figure 8.11: Projections along the source-to-target direction for the trajectory of energy

components plotted in figure 8.10. See text for explanation.
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8.7 The interaction region

According to the parameters obtained in section 8.5, the proton bunch completely

surrounds the micro-sphere at the time of the laser interaction. The situation is

illustrated by a series of time-frames presented in figure 8.12. The proton beam is

moving from the left to the right along the z-direction. The leading and lagging

edges correspond to a proton energy of 9.3 MeV and 2.5 MeV respectively. Each

panel shows the radial projection of the particles plotted versus the z position. The

solid arc shows the original location of the micro-sphere, which has a radius of 75

µm and is centred at r=0 and z=0. Furthermore, the distance travelled by the light

in 1,2, and 3 picoseconds is marked by dashed semicircles. This gives an indication

of the time required by the pulsed electric field to propagate over the space occupied

by the proton beam. The average proton velocity is about 10% of c, so that the

proton bunch moves by a significant distance during the time taken by the electric

field to fill the space around the particles. For this reason the macroscopic E-field

was prescribed in the simulation using the retarded formula E(r, t) ∝ Q(t− r/c)/r2

instead of the instantaneous value E(r, t) ∝ Q(t)/r2.

At the peak of the charge pulse, i.e. at t = t0, the leading edge of the beam is already

beyond the micro-sphere, so that this part of the bunch will experience mainly a

push in the forward direction. The charge pulse has a FWHM of about 10 ps, as

it can be seen in figure 8.7. Hence the duration of the proton interaction with the

E-field extends from t0− 5 to t0 + 5 ps. Only particles that are within 2 to 3 micro-

sphere radii experience a strong electric field. At the sphere surface the maximum

E-field is given by

Emax =
Qmax

4πε0

1

r2
sphere

=
2.2 · 10−8 C

4πε0

1

(75 µm)2
= 3.5 · 1010 V

m
. (8.5)

At 1c · ps = 300 µm the intensity of the field has dropped to 6% of its maximum

value. The first dashed circle in the time-frames can then be considered as the

bounding limit that encloses the interaction region. Only protons that transit in

this region during the charge pulse are largely deviated by the electric field.
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The impulsive nature of the interaction is evident in figure 8.12. Five ps before

the pulse the proton bunch is unperturbed. At t = t0 a part of the protons has

already started expanding radially as a consequence of the rising edge of the charge

pulse. Five ps later on, the charge has been almost completely neutralised, hence

the macroscopic electric field has nearly vanished. From this point on, the beam

streams freely with no external forces acting upon it. The effect of the interaction is

stored in the amount of radial momentum acquired by the particles. This eventually

causes a cavitation in the leading part of the beam which is recorded in the detector

in the form of a central hole.
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Figure 8.12: Radial projections of a proton beam with energy between 9.3 and 2.5 MeV.

The solid line shows the original position of the micro-sphere. Dashed circles correspond

to 1,2 and 3 picosecond-light. Time frames are shown at about 5 ps interval.
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Figure 8.13: Schematic interpretation of layer no 4. The inner ring (dashed line) is

centred on the micro-sphere, whereas the outer ring is centred on the surface of the sphere.

8.8 Centre of charge symmetry during the inter-

action

Layer no 4 presents a feature that was not reproduced in the simulations up to this

point. With reference to figure 8.13, it is possible to identify two marked rings in the

image. The inner ring corresponds to the signal of protons with more than 8 MeV.

This ring is in fact present in layer no 5 and 6 as well. The outer ring indicates a

larger deflection of the protons and is not visible in layer 5, meaning that it is due

to protons with energy between the lower cut-offs of layers 4 and 5, namely in the

range 6.7 to 7.8 MeV.

By changing the input parameters of the simulation, it was not possible to reproduce

the large difference in proton deflection visible in the right-hand side of layer no 4.

Such a large difference in deflection between ∼ 7 MeV protons and ∼ 8 MeV protons

could not be obtained, no matter how steep and skewed the charge pulse was made.

The reason is that these two energy components of the beam are too close in space

in the region near the target, so that any modification to the macroscopic value of

the electric field affects both components in the same way. Therefore something

dramatic happened during the transit of these protons. In fact, assuming that the

charge pulse followed closely (i.e. within less than a picosecond) the laser pulse, it
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can be found that the peak of the pulse is at a time t0 between the time of flight

of the two energy components just considered. The radiograph clearly shows that

the deflection is larger on the right-hand side, and that the two rings almost overlap

on the other side. A possible explanation for this phenomenon it that during the

peak of the laser pulse, the centre of symmetry of the charge moves from the centre

of the micro-sphere towards the interaction region. As a consequence, the protons

that transit on laser side experience a moving electric field that deflects them to

large angles. During the rising edge of the pulse, the rate of electron expulsion from

the interaction region is slow enough to give time to the charge to redistribute itself

almost uniformly on the micro-sphere. During this phase, the effective centre of the

radial E-field is located at the geometrical centre of the target. On the contrary,

near the peak of the pulse, the effect of such a redistribution is overcome by the

increased rate of electron expulsion. Therefore the apparent centre of symmetry of

the total charge moves towards the region of depletion of negative charge, namely

the interaction point of the laser pulse.

To take into account the effects of this hypothesis, the position of the charge sym-

metry centre x(t) along the laser direction was described by the formula

x(t) = x0 + r exp(−(t− t0)
2/τ 2) , (8.6)

where x0 and r are the centre and the radius of the micro-sphere respectively, t0

is the time corresponding to the peak of the pulse, and τ is the timescale of the

centre shifting. Away from the peak of the pulse, the centre of symmetry of the

electric field is located at the centre of the micro-balloon. On a timescale τ ∼ 1

ps, the centre moves outwards by as much as a radius in the direction of the laser

interaction. After the pulse, charge redistribution takes place again and the centre

moves back to the original position.

Inserting this correction for x(t) in the code and using the input parameters pre-

viously obtained for the charge pulse, a more accurate match to the collected data

was obtained, as shown in figure 8.14.
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Figure 8.14: Simulated dose pattern for the micro-sphere. The charge symmetry centre

moves sideways in the images during the peak of the laser pulse.

8.9 Filamentary structures

During the final stages of the micro-sphere discharge a large number of fine struc-

tures appear around the target. The first two active layers present modulations

in the proton beam that extend radially away from the micro-sphere position (see

figure 8.15). These structures could be the indication of the development of plasma

instabilities and jetting.

Similar filaments have been observed by Willi et al in solid targets irradiated at

lower intensity I = 1013 Wcm−2 using shadowgraphy and Faraday rotation [Willi

et al., 1982]. The measurements showed the evolution on a ns timescale of plasma

jets leaving the target surface in the normal direction. Being detected both in shad-

owgraphs and in Faraday rotation images, those jets were interpreted as local density

modulations associated with a magnetic field.

The filaments observed in our experiment develop on a very short timescale. Their

formation takes place around the peak of the laser pulse. After a few picoseconds,
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Figure 8.15: RCF layers ordered in a time sequence showing the development of fila-

mentary structures after the CPA interaction with the solid micro-sphere.

at t ∼ 12ps, the filaments are already quite extended, and at t ∼ 26ps they have

almost covered the field of view. Layer 1A shows that filaments depart close to the

original target surface and extend on a straight line for about 700 µm.

The number of filaments was estimated by counting the striations visible on the

RCF layer in a 90o sector. This count being 35, the number n of filaments recorded on

film is n ' 140. Additionally, simulations show that only one third of the filaments

produce marked proton deflections. These filaments are those forming an angle θ

to the proton direction comprised between 60o and 120o. Thus the total number of

filaments on the micro-sphere can be estimated to be N = 3× n ' 400− 500.

Assuming that filaments extend close to the original solid surface of the micro-

sphere, the inter-filament separation δ is given by3

δ =
4 R√

N
∼ 13 µm , (8.7)

where the radius of the micro-sphere is R = 75 µm.

The inter-filament distance is in good agreement with the fastest growing mode

of the one-dimensional electrothermal (ET) instability described by Haines [Haines,

1974, 1981]. The ET instability develops in a region of the ablating plasma where

the temperature is relatively cold and the density is high, so that bulk electrons are

highly collisional and resistive effects cause a positive feedback between cold return

3Each filament intersects an area πδ2/4 of the spherical surface 4πR2.
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currents and local temperature of the plasma. Where the conditions for the ET

instability are satisfied, the predicted growth rate α and the wavelength λ of the

fastest growing mode are given by

α ' 2 me

mi

νei , (8.8)

λ ' 3.8

√
mi

me

λmfp . (8.9)

Near the solid density interface of the micro-sphere (Z=10, A=20) it is reasonable

to assume that the bulk density is about n0 = 1023cc−1, and that the temperature is

of the order of Te = 1 keV[Haines, 1981]. Using these plasma conditions, the fastest

growing mode has a wavelength of 11 µm and develops on a 23 ps timescale. These

values are in good agreement with the inter-filament distance and the time evolution

of the filaments that were estimated for experimental observations.

Another mechanism that could give rise to an instability can be found in the dy-

namics of a suddenly created supra-thermal population of electrons at the surface

of the micro-sphere. One-dimensional collisionless PIC simulations performed by

F. Califano from Pisa University show that the solid-vacuum interface becomes un-

stable on a plasma frequency timescale. Figure 8.16 presents the evolution of the

electron distribution in phase-space at three different times4. At t = 0, the bulk of

the plasma is located at x = 1000. The electrons are divided in a thermal population

with v ∼ vth, and a supra-thermal tail extending up to v = 30 vth and directed in the

positive direction. The most energetic electrons can escape the electrostatic poten-

tial, whereas the low energy tail is pulled back into the bulk of plasma and excites

a current instability. Already after 50 ωpe-cycles, the distribution is significantly

distorted. Panel d) presents an enlargement after 100 cycles, where the unstable

flow of electron currents is apparent.

Whatever the origin of the instability, a model is required to explain how the

4here variables are normalised to the thermal velocity vth and the plasma frequency ωpe. Time

is expressed in ωpe-cycles, velocity in vth units, and space in vth/ωpe units.
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Figure 8.16: 1D Vlasov simulation of an expanding cloud of fast electrons. Panels a),b)

and c) present phase-space maps of the electron distribution at 0, 50 and 100 ωpe-cycles.

Panel d) shows an enlargement of the last timeframe [Califano, priv. comm.].

generated structures can propagate for hundred times their transverse dimension in

the form of collimated filaments. A tentative description of the phenomenon is that

the single filament is the result of the propagation of two counter-streaming elec-

tronic currents. One current jh is due to fast electrons, which are first accelerated in

the laser-plasma interaction and expelled from the target region, and subsequently

recalled by the electrostatic potential. These MeV electrons permeate the region

around the target which they traverse without collisions, thanks to their high tem-

perature. The second current jc that contributes to the formation of a filament is

a return current of cold electrons that provides the necessary neutralisation to the

electric current in the ion rest frame.

The current configuration in a filament is such that the net current is zero at large

distances as compared to the filament cross-section. Near the filament core the cold

and hot currents are separated in space giving rise to electric and magnetic fields

between them. Similar configuration has been predicted by PIC code simulations

in two dimensions[Lee and Lampe, 1973, Califano et al., 1998, Honda et al., 2000].
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jcold
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Figure 8.17: Radial profiles of total current j in a filament and the corresponding

azimuthal Bθ field. Dashed lines indicate the two components of the current that flow in

opposite directions, namely jhot and jcold. Normalised values are plotted against filament

radial units.

The fine details about the radial profile of the currents jh and jc depend on the

difference in temperature and density of the two electron populations. To our ends,

it is sufficient to note that generally such a current configuration results in a radial

electric field E and an azimuthal magnetic field B. E is needed to balance the pres-

sure gradient between the two current sheets. The magnetic field B is generated by

the local current imbalance via the Ampere’s law, and contributes to the confine-

ment and collimation of the electrons. Figure 8.17 presents an hypothetical current

distribution and the radial profile of B associated with it.

The filaments were included in the proton-tracing simulations and the parameter

space was sampled in order to estimate the typical amplitude of electromagnetic

fields associated with the filaments. Each filament was modelled as a tube of fixed

radius r0 and orientation normal to the micro-sphere surface. The electric field E was

maximum on the filament axis and decreased exponentially in the radial direction

E(r) = E0 e−r/r0 .
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The magnetic field B winded around the filament as in

Bθ(r) = B0
r

r0

e
−( r

r0
)2

,

where θ is the azimuthal angle in cylindrical coordinates.

The typical transverse size of the filaments recorded on film was about 100 to

120 µm, which corresponded to a deflection δ of about 4 mrad.

Using the formulas for small deflection angle obtained in the previous chapter, it was

possible to estimate the electric and magnetic field needed to create the filament’s

image on the RCF plane:

E =
2Ep

eL
δ ' 2 · 109 V/m , (8.10)

B =
2Ep

e L vp

δ ' 100T , (8.11)

where the proton energy Ep is 3 MeV and the length of interaction L is 10 µm.

A series of simulations was carried out to check the above estimates against the

amplitude of the deflecting fields and the filament transverse dimension. The peak

of transverse deflection follows closely the small deflection approximation of equa-

tions 8.10 and 8.11, as shown in figure 8.19 and 8.20.

The effects of multiple deflections from more than one filament become significant

at more than 1000 filaments on the sphere, but the deflection peak (defined as in

figure 8.18) does not change more than a factor of four (see figure 8.21). Therefore

the formulas given above can be regarded as a good estimate for the deflecting e.m.

fields.
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Figure 8.18: Histogram of the transverse deflection of the proton beam. The tracing

code was run for filaments 20 µm in diameter, and for E = 2 · 109V/m. The peak of the

histogram and the FWHM of the distribution are indicated. These were the parameters

used in the analysis.

Figure 8.19: Transverse proton deflection as a function of the electric field associated

with a single filament. Peak values from simulations are marked, and error bars indicate

the FWHM of the distribution. The small deflection approximation is drawn using dotted

lines for each filament diameter (1,10 and 20 µm).
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Figure 8.20: Transverse deflection versus magnetic field. Same layout as in Fig. 8.19.

Figure 8.21: Transverse proton deflection as a function of the number of filaments

present on the micro-sphere.



8.10 Summary and discussion 162

8.10 Summary and discussion

The proton images presented in this chapter show the charging and discharging of a

spherical target irradiated by an ultra-intense short pulse. For the first time it was

possible to obtain time-resolved measurements of the quasi-static electric field that

surrounds the target during the interaction. At the high intensity I = 1019 Wcm−2

generated in the experiment, a significant fraction of the laser energy is coupled to

a population of MeV electrons, which fill the space surrounding the micro-sphere.

On the picosecond timescale of the laser interaction, the ions of the target remain

almost fixed at their original positions, exerting a recalling force on the energetic

electrons that tend to leave the target. A sheath is formed in which the spatial

charge separation induces a large electric field. The E field is radial and presents a

marked spherical symmetry on a timescale of about ten picoseconds. This is the time

necessary for the redistribution of the charge in the region occupied by the micro-

sphere. At the peak of the laser pulse, when the rate of fast electron generation

is too high, charge redistribution does not have time to take place, and an electric

dipole is formed. As a first approximation, this leads to an increase of the E field

amplitude near the laser absorption region, which was both experimentally observed

and reproduced in the simulations.

The multi-frame capability of the proton imaging technique allowed the resolution

in time of the charging and discharging of the target. At the peak of the pulse, it

was found that the deflection induced on the proton probe was consistent with a

radial electrostatic field generated by a point-like charge Q = 2.2 · 10−8 C. Static

estimates for the value of Q based on analytical calculations and integrated numerical

simulations were in good agreement. The shape of the charge profile in time was

also obtained taking into account the relative timing of the proton beam and of the

laser interaction.

The proton probe was characterised by a relatively low temperature T of 1.5 MeV.

This was in fact advantageous for the temporal resolution of the diagnostic technique,

as pointed out in section 8.3. In this experiment a resolution of the order of a
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picosecond was achieved, thanks to the spectral selection operated by the RCF

detector.

This part of the analysis has been published in Applied Physics Letters[Borghesi

et al., 2003b].

The formation of filamentary structures was also observed. These appear in the

form of striations on the proton images, and are likely to be generated near the

original surface of the micro-sphere. The structures were interpreted as the effect of

current filamentation in the plasma surrounding the target. The growth time and

the spacing between the filaments are consistent with the development of an electro-

thermal instability on the target surface. Other mechanisms for the instability could

be active also. One-dimensional Vlasov simulations show for instance that a sort of

two-stream instability develops at the vacuum interface of the glass shell within a

few plasma frequency cycles.

The filaments were modelled as elongated tubes departing radially from the original

target surface. The structures were included in the proton-tracing code, with the

possibility of prescribing the diameter and the length of the tubes, and the number

of filaments on the sphere. Input parameters to the code were also the amplitude of a

radial electric field and of an azimuthal magnetic field associated with the filaments.

The order of magnitude of the e.m. fields was estimated with a simple analytical

model for the deflection of a proton. Numerical simulations confirmed the validity

of these estimates, and showed that multiple scattering from several filaments was

not relevant in our experimental conditions. Proton images show the formation in

about 10 ps of a few hundred (400-500) filaments around the micro-sphere. The

structures are about 700 µm long, and their number is consistent with an average

diameter of 10 µm on the sphere’s surface. For these parameters, the deflection

undergone by the probing protons can be ascribed to radial E fields of the order of

109 V/m, or azimuthal B fields of about 100 T . It was not possible to determine, on

the basis of the experimental observations and with the aid of numerical simulations,

whether the proton deflections in the filament can be ascribed to electric fields only,

to magnetic fields only, or to both.
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Thesis summary and conclusion

The work presented in this thesis demonstrates the effectiveness in the investigation

of laser-produced plasmas of the X-ray absorption spectroscopy and of the proton

imaging technique.

The X-ray point-projection absorption spectroscopy is an established diagnostic

tool that allows to determine the local density and temperature of the plasma.

This technique was successfully applied to the study of laser-generated shock waves

in low density material. In the experiment described in chapter 6, two counter-

propagating shock waves were generated inside foam targets by laser irradiation

at the intensity of 1014 Wcm−2. Different stages of the shock propagation inside

the target have been recorded. Before collision, it was possible to reconstruct the

temperature and density profiles of the shocks under the assumption that the shock

fronts were planar. Temperatures up to 55 eV and compression ratios close to 4 have

been observed in agreement with similar studies in the same laser intensity regime.

During the collision, the plasma compressed between the two shock waves was heated

to temperatures exceeding 80 eV. Numerical simulations indicate that dense material

could be accelerated and ejected from the central region at a velocity comparable to

that of the shock fronts. Accurate determination of the density profiles during and

after collision was prevented by the significant curvature of the shock fronts and by

the disassembly of the target material.
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These experimental observations indicate that colliding shock waves could be used

to generate hot and dense regions inside the plasma, or to accelerate dense material

up to velocities of the order of 107 cm/s.

The possibility of using laser-generated proton beams to investigate the plasma

dynamics motivated the work presented in chapter 7 and 8. The proton imaging is

a novel diagnostic technique for which experimental data and numerical modelling

are needed in order to address its potential applications in the study of plasmas. Al-

though a laser-generated proton beam can also be used to measure density variations

in dense material, the real novelty is that this diagnostic tool is sensitive to electric

and magnetic fields, and that the probing time of the proton bunch is extremely

short, i.e. about ten picoseconds.

The proton imaging has been used in the experiments described in this thesis to

detect macroscopic electromagnetic fields generated inside laser-produced plasmas.

For the first time it has been possible to observe the formation and evolution of e.m.

field structures that are associated with non-uniformities in the plasma flow. By

employing a particle detector that operates a spectral selection on the proton beam,

the information stored in the particle probe could be separated in a multi-frame

sequence with a temporal resolution of the order of a picosecond.

In the experiment described in chapter 7, the plasma of study was formed on

aluminium foils by a ns laser pulse at the intensity of 1014 Wcm−2. Proton images

collected at different times of the laser interaction showed the formation of filament-

ary structures near the ablation layer. Face-on and side-on probing in the same

irradiation conditions indicate that the structures are generated on a large area of

the foil that is comparable with the size of the plasma. The filaments expand in

the plasma plume up to 1 mm from the original foil position. The evolution of the

structures follows closely the temporal profile of the laser pulse, indicating that a

large energy input is necessary to sustain the observed field structures. A particle-

tracing code has been especially developed to simulate the interaction of the protons

in the probe beam with electromagnetic fields present inside the plasma. The proton



166

energy deposition in the radiochromic film stack detector was also included in the

code, allowing comparison of the generated beam cross-sections with the collected

proton images. The geometry of the field structures was inferred from the experi-

mental observations, whereas the amplitude of the fields was estimated by matching

numerical simulations to the observed proton deflections. It has been found that

the experimental observations were compatible with radial E fields of the order of

109 V/m present inside the filaments. The effect of magnetic fields on the probe

beam could be neglected when compared to the deflections induced by the E fields.

Numerical simulations indicate that the amplitude of the B field in the filaments

should be less than 20 T.

The multi-frame capability of the proton imaging was exploited in the experiment

described in chapter 8. The presented data show the effects of a ps laser interaction

with a solid glass shell at the intensity of 1018 Wcm−2. For the first time the charging

and discharging of the whole target has been observed and resolved in time. Accurate

comparison of the collected proton images with the simulated deflection induced by a

pulsed radial electric field allowed the determination of the total net charge that left

the target during the laser interaction. It has been found that as many as 1.4 · 1011

electrons escaped the electrostatic potential set up by the charge separation, and

that the whole process of charging and discharging had a duration of about 10 ps.

The collected images show also the formation of filamentary structures around the

target, originating near the solid surface of the micro-sphere and extending radially

outwards for up to 700 µm. From the observed proton deflection, radial electric fields

of the order of 109 V/m and azimuthal magnetic fields of about 100 T were inferred,

for a typical filament diameter of 10 µm.

The particle-tracing code has also been used to model and interpret data from

other experiments not presented here. The deflection from a charged wire, from

an electro-magnetic post-soliton, the deflection caused by a charged mesh were all

problems that the tracing code helped quantify. This numerical tool has been also

used in the planning of new experiments and investigating the feasibility of various
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measurements. The problem of finding a way to distinguish between E field and B

field effects in the proton imaging has been addressed, and a tentative experimental

set-up has been tested, as reported in Appendix C.

The question of what are the main mechanisms that seed the observed instabil-

ities and give rise to the current filamentation is still open. Further experimental

studies are needed to address this problem in a systematic way. Data on targets of

different materials in the same irradiation conditions could help in discriminating

among various mechanisms and models.

The work presented in this thesis opens the way to the direct investigation of the

quasi-static electromagnetic fields that are generated in intense laser-plasma inter-

actions.



Appendix A

PTRACE

This appendix describes the main features of the particle-tracing code PTRACE

developed by the author and used extensively in this thesis to shed light on the

interaction of a proton beam with electromagnetic field structures.

At the core of PTRACE there is a differential equation solver that computes the tra-

jectory of a particle in presence of electromagnetic fields. The numerical algorithm

chosen is a Runge-Kutta fourth-order algorithm coupled with an adaptive stepsize

monitoring routine, as presented in the book Numerical Recipes in C [Press et al.,

1994]. The main advantage of such approach is that it offers a fast and reliable

solution to the equation of motion with the possibility of prescribing the overall pre-

cision to which the trajectory is computed. The adaptive stepsize routine assures

that the time steps at which the dynamics is sampled are smaller where the acting

forces are larger, so that computational resources are well managed during the sim-

ulation. It was therefore possible to trace millions of particles per hour on a desktop

workstation and simulate and resolve complex problems such as the charging-up and

discharge of a micro-sphere on a picosecond timescale.

PTRACE has also proved to be an invaluable tool for understanding the combined

interaction of a proton beam with the numerous filamentary structures generated

during a laser-plasma interaction.

PTRACE is a C++ code divided into several objects that combine functions and



169

SOURCE TRACER RENDERERSpectrum

Particle

No fields Point
charge

Tubular
structures Micro-sphere

FORCE

Figure A.1: PTRACE flow chart. Main loop is shown together with object components.

routines with the data structures they are acting upon. Figure A.1 shows a schematic

diagram of the code.

• Particle: specifies mass and charge of the particles to trace

• Source: geometric parameters of the particle source such as origin, direction,

divergence

• Spectrum: extracts particles from an energy distribution according to para-

meters such as energy range, beam temperature, number of energy components

• Tracer: tracing engine that solves the equations of motion for one particle at

a time

• Force: computes the force acting on a particle as a function of time and

position

The relativistic equation of motion to be solved is

dp

dt
= F = q(E + v×B) ,

which was implemented in the code as a system of six differential equations of the

first order. The relativistic momentum p = mγv was written as p = mu, where
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u = γv (see [Birdsall and Langdon, 1991]), and the system of equations in the

variables (x,u) reads 
dx
dt

= v = u
γ

du
dt

= F
m

= q
m

(
E + u

γ
×B

)
.

Uniformity check

Particles (or rays) were randomly generated and traced one at a time. A Sobol’

sequence algorithm was used to place points on a sphere with a uniform areal density.

The Sobol’ sequence generates points that fill space in a way such that they tend

to avoid each other. Filling a Cartesian grid to deeper and deeper levels assures a

great uniformity, but requires each level to be fully completed in order to ensure a

good uniformity. This way the number of points required for each resolution step

increases exponentially. If we want to fill a square and the mesh size is halved at each

step, the number of points to compute at each level of the grid forms the sequence

4, 12, 48, 192, ..., 3× 4N−1, where N is the grid level.

A pseudo-random generator can be used to bypass this problem, so that it is possible

to stop the simulation at any time without affecting the overall uniformity of the

points.

Figure A.2 presents a uniformity check for a proton beam generated by a point

source. All particles had the same energy in this simulation, and they expanded

freely in vacuum.

Panel a) shows the particle counts accumulated on a plane orthogonal to the beam

axis, just as in the experiments. The corresponding contour plot is shown in panel b).

This represents the unperturbed cross-section of the simulated proton beam. The

signal is more intense at the centre of the image than at the edge as a consequence

of the curvature of the expanding shell of particles, as shown in figure A.3.

It was found that a satisfactory uniformity was obtained when at least 5 particles per

pixel were accumulated on the detector plane. The total number of particles to trace

was computed for each run as a function of the divergence of the beam, the distance
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of the detector, the number of energy components included in the simulation, and

the output resolution of the rendered image.
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Figure A.2: Simulated cross-section of an unperturbed proton beam. Density and

contour plots of the particle counts accumulated on the detector plane.
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Figure A.3: Curvature effect of an expanding shell of particles.



Appendix B

Field profiles

The propagation of a laser-generated proton beam through a bundle of tubular

structures has been investigated in the proton-tracing simulations presented in sec-

tion 7.10. The single structure was modelled in the code by a tube of radius r0

and length L. In the simulation it was possible to prescribe the amplitude of a

radial electric field and of an azimuthal magnetic field. The figure below presents

a series of proton tracing images for face-on probing of a single tube. Each panel

corresponds to a different e.m. field configuration. The linear scale for all images is

shown together with the proton signal intensity on film. The intensity ranges from

0 to 4 times the value of the unperturbed signal. The radial profile of the field is

plotted on the right of each image. Curves represent the fraction of the field peak

value versus radial units r/r0 of the tube.

Er > 0Er < 0

B > 0 B < 0
100µ

r/r0

r/r0

r/r0

r/r0



Appendix C

Crossfire experiment

A key problem in the interpretation of images collected using the proton imaging

technique is to determine what are the electromagnetic field configurations that

cause the observed deflections in the proton beam. Physical arguments and theor-

etical modelling can help discriminate electric field and magnetic field effects. For

instance, the striations observed in the proton images and described in chapter 8 are

likely to be caused by narrow tubes of azimuthal magnetic field and radial electric

field induced by a large current in the plasma. The magnetic term in the Lorentz

force is dependent on the velocity of the charged particle and, in principle, could

help distinguish between E field and B field structures. If the geometry were prop-

erly chosen, a crossfire experiment could be used to detect magnetic field effects.

Here we show that this is true for a single filament, but the outcome of such an

experiment would be hard to interpret as soon as the number of filamentary struc-

tures is increased. This study is briefly presented to illustrate the effectiveness of

the PTRACE code in testing a possible experimental set-up.

Figure C.1 shows the set-up for probing with two different proton beams the

region in front of a thin foil irradiated by an ultra-intense laser pulse. The proton

beams PB1 and PB2 are emerging from the rear side of two aluminium foils, F1 and

F2, which are 2 mm wide and form an angle of 50o. The foils are irradiated by two

separate pulses, CPA1 and CPA2, which hit the foil surface at the same time. The
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Figure C.1: Top view of the set-up for a crossfire experiment.

interaction beam CPA3 is focussed on the main target T, where it generates a plasma.

The filamentary structures to be probed are modelled as bundle of tubular structures

normal to the surface of the foil T. The tubes have a mean diameter of 10 µm, and

are 1 mm long. The proton beams are collected in two RCF detectors placed at

20 mm from the source foils. The simulations were carried out for monochromatic

proton beams of 10 MeV, and with a half-angle divergence of 20o.

In the case of a single filament, the generated proton images show that the effect

of an azimuthal magnetic field could be easily detected. In fact, depending on the

orientation of the velocity relative to the filament axis, the B field has a focussing

or defocussing effect on the proton beam, as presented in the top row of figure C.2.

Since the velocity of the protons is known, this measurement would tell the sign of

the B field, and would therefore indicate the sign of the current in the filament.

These promising results are not readily extrapolated from the case of one filament to

many filaments. When 50 filaments were included in the simulation, the generated

proton images, that are presented in the bottom row of figure C.2, became more

difficult to interpret because of the overlapping of features due to separate filaments.



175

This fact alone indicates that in a real experiment the proton images collected using

this crossfire set-up would not be easy to interpret. Many aspects have been here

neglected that could complicate the situation even more, such as a large number of

filaments, the different orientation of the filaments and a random sign of the current

in the filaments.

PB2

PB1

PB1

Figure C.2: Simulated proton images for one filament (top) and 50 filaments (bottom).

The azimuthal B field in the filaments was set to 50 T. PB1 and PB2 label the two proton

beams used for probing, as shown in figure C.1. Middle panes show an enlargement of the

region around the single filament.
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