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Abstract.

In this paper, plasmas generated by high power laser matter interactions are presented as ultra bright sources of
X-ray radiation. The elementary processes that account for X-ray emission from laser-plasmas are described in
details. The most important properties of laser-plasma X-ray sources are discussed with particular attention to the
latest devel opments in the ultra-short laser pulse regime. The basic experimental techniques for the analysis of X-
ray emission from laser plasmas are described through a summary of recent experimenta results. Finaly, a
comparison between the different X-ray sources presently available is made and an overview of the main
applications of laser produced plasma X-ray sourcesis given.



1L INTRODUGCTION.....citiiiiiiieiesiesee st steeee st ee st saessesseesse e nsessesneessesnes 2
2. LASER PRODUCED PLASMAS.......o ettt 4
2.1 BASIC CONCEPLS.....ecuveeueerreerreenteeieeeessessseesseesseeseassessessseesseessesssesssssssssessses 4
2.2 Semi-analytical modelling of laser plasmas.........cccocevveveveeie e 6
2.3 HydrodynamiC SIMUIELTONS.........ccceerieieieniesie e 8
2.3.1 - Lagrangian Co-OrdiNates.........ccccereerueeeeseesieseesieeeeseesseeee e 8
2.3.2 - Modelling long scalelength laser-plasma experiments.............. 9

3. LASER-PLASMA INTERACTIONS.......oot e sie et nnea 12

3.1. ADsSOrption MEChaniSIMS.........ccceveerierieie e 12

3.1.1 - Inverse bremsstrahlung absorption...........ccccceeveeviecieeseecnn, 12

3.1.2 - lon turbulence aDSOrPLioN..........ccccvererereeeeeee e 13

3.1.3 - ResoNance abSOrPLioN..........ccveveereeieseese et 14

3.1.4 - Brunel effeCt.......cocoiieieee 15

3.2. ParametriC iNStabIlItIES.......coueeeeieeeseeeeee e 15

3.2.1 - Stimulated Brillouin Scattering (SBS).......cccccevvveeveverieeninnnnns 15

3.2.2 - Stimulated Raman Scattering (SRS).......ccccvveeveevievieeie e, 16

3.2.3-Two Plasmon Decay (TPD).......cccceouerirereeieniesieseeeesee e 17

3.2.4 - FIlamMentation........c.cceueierierene s 18

3.2.5 - Surface PlasmaWaves (SPW)......cccvveieciie e 19

3.2.6 - HOt ElECIIONS......cceeeeieieeiee et 20

3.3. FeMtosecond INTEraCtionS..........ccovierererine s 22

3.3.1 - Basic Features of femtosecond interactions.............ccoceveeenuenens 22

3.3.2 - Propagation of laser light in overdense plasmas..............c........ 24

4. X-RAY EMISSION FROM LASER PLASMAS......cooiieiieenienesie e 26

4.1. Fundamental emiSSION PrOCESSES........cueeiuieiieerieeiireesieeereeseesreesseesreesneas 26

4.1.1 - Bremsstrahlung.........coooeeiiienineeeeee e 26

4.1.2 - RECOMDBINGLION.......coueiiiiiiirieirieeser e 28

G T I 1TSS 28

4.2. Radiation transport in Plasmas........c.ccoevereiereninenesesesesesese e 30

4.2.1 - BasiC AefiNItIONS........coeiiririeieiesie e e 30

4.2.2 - Limit approximations. thinand thick plasmas...........c.ccceeeuenns 32

4.3. Equilibriain Laser Produced Plasmas............coccoeeeerienincneneneseseeenns 32

4.3.1 - Thermal equilibrium (TE)......cccceeveierieieseeeese e 33

4.3.2 - Local thermal equilibrium (LTE)......cccovvviiiiie e 34

4.3.3 - NON-LTE Plasmas.........cccocererrieniriniee e 35

4.3.4 - Coronal equilibrium (CE)......ccccvveeveee e 35

4.3.5 - Collisional-radiative equilibrium (CRE)..........cccccveveveiiiiienns 37

4.4. Atomic physics: temporal scale and related calculations.............coccceveeeneee 37

4.4.1 - Limits of the steady-state approxXimation.............cceeeeeeereerennnens 37

4.4.2 - Transient ionisation in Al plasmas.........ccccocveveeveeneevicseesienn, 38

4.4.3 - Transient ionisation in low-Z plasmas...........coceeerereneeneeneenene 39

4.5. Characteristics of laser-plasma X-ray SOUICES.........ccueveereerereeseeseessessennens 41

4.5.1 - Spectral distribUtion...........ccceviiiieciiecese e 42

4.5.2 - X-ray pulSE AUIatioN.........cccveeeieriiierie s 45

4.5.3 - Source size and angular distribution............cccocevereeceriesieennns 47

4.5.4 - X-ray conversion effiCienCy.......cccccceevveveein e 49

4.6. X-ray emission in ultra-short pulse interaCtions.............ceoeeeeererereneennns 54

4.6.1 - Femtosecond X-ray SOUICES........cccuerreerueereeseeseesseesseesenssensseens 54

4.6.2 - High harmoniCs generation............cccceveeeeeccieccieesieeses e e 56

A7, X-TAY LBSEIS...eiiieieeee e e 59

A.7.1 - MOUVALTON......oiiieiiiiniieieeeee et 59

4.7.2 - BaSIC PIINCIPIES....cocveeiieecie et 59



4.7.3 - PUMPING SChEMES......c..oiiiieceec e 60

5. X-RAYS ASPLASMA DIAGNOSTICS.......oooeieieieieeeee e 62

5.1. X-RaY SPECIIOSCOPY ...eeeiurereiuiiieiiiriiiesssiiesesseesssseessssaessseesssessssesssssessses 62

5.1.1 - SPeCtroscopiC tECNNIQUES..........coverveieieeeeeeeee e 62

5.1.2 - Time-resolved analySiS.......ccccceveererieeseesie e 66

5.1.3 - Temperature measurements from X-ray spectra...........ccceneee. 67

5.2. Plasma OPaCity.......cceruereririniireeieee ettt 71

5.2.1 - Opacity effectsin temperature measurements...........ccocveeeueenens 71

5.2.2 - Laser re-heating of preformed plasmas...........cccccevveevveiecnnenen. 72

5.3, Plasma DeNSItY ......ccceiiiiriiiieieie e 74

5.3.1 - Interferometer set up for phase shift measurements.................. 74

5.3.2 - Experimental results..........cccveveeiviieiiecie e 75

5.3.3 - Basic principles of time resolved interferometry.............ccce..... 75

5.3.4 - Electron Density Profil€s........ccccvvveieveeieseece e 77

5.4. X-Ray Imaging of Plasmas..........ccccoviriiiiiieiiiecee e 77

5.4.1 - Basic X-ray Imaging teChniqUEes..............cccvoveneninenencee 77

5.4.2 - Spectral selection in X-ray imaging........ccccceeeereeeeresesieesennnnns 79

5.4.3 - Timeresolving teChNIQUES...........cccueiieeiieiie e 81

5.4.4 - Anillustrative example of fast X-ray imaging..........cccceeeeveuenee 83

5.5. Particles And High Energy Photons............ccoovvcevieiecce e 85

5.5.1 - lons, electrons and alpha-particles...........cccovveveeveeiieiieieenen, 85

5.5.2 - Hard X-rays and g-rays from super-hot electrons.................... 87

6. APPLICATIONS..... .ottt bbb 90

6.1. X-raysin science, technology and medicine............ccccvceeveeveccecceniecnnne, 90

6.1.1 - X-ray MICTOSCOPY ....eevereeeruerreriersereeeessessessessessessessessesseeseneas 90

6.1.2 - Advantages of LPP X-ray SOUICES.........cccvveereereereesreeieesennnennns 91

6.1.3 - Progressin the design of LPP X-ray SOurces...........cccccuvevvennne. 92

6.1.4 - Examples of applications of LPP X-rays........c.cccceeerrierienene. 92

6.2. MaAIN X-T8Y SOUICES......cecueerreeieereeeessseesesesssessseesseesseesseessesssesssssesssessses 9

B.2.1 - X-ray tUDES......ccveeirie et 94

6.2.2 - Synchrotron radiation.............cccoeeverereneneseseeee e 95

6.2.3 - CompariSon Of X-ray SOUICES........cccuerreeruerieesseerensieessenseeseessens 96
CONCIUSIONS......coiiiieeie ettt st b e sb e b e et e et et e sbeesbeesaeenbe s 100
ACKNOWIEAGEMENLS........oeieieeee e 100
7. REFERENCES.........coiiiiiiiiee sttt st sttt s sbe i 101



1. INTRODUCTION

Sincethe first experiments on laser interaction with matter it was clear that laser produced plasmas are bright
sources of electromagnetic radiation in the X-ray spectral region . The electron density of the plasmas produced in
such interactions can be as high as » 10” electrons/cm® and temperatures of several keV can be achieved. These
high values of density and temperature make laser-plasmas ideal media for an efficient X-ray emission. In fact,
since laser absorption is very high, the conversion efficiency of laser energy into X-ray energy can also be quite
high (see[1] and references therein).

X-ray pulses produced in these conditions may have energies up to severa joules, and a duration ranging
between »1013 s and »10°9 s. Therefore, the power delivered in the X-ray region in the entire solid angle
(W=4r) can beashigh asafew TW. In addition, the size of these X-ray sourcesis very small, typically of the
order of thefocal spot of the plasma generating laser beam (¢ =10- 100mm ). The resulting brightness of these
sources is considerably high, upto 10" W/ cm’sterad, with the peak spectral brightnessin a 0.01% bandwidth
being as high as10™ ph s ‘mm*mr? .

Beside being sources of thermal, incoherent X-ray emission, laser plasmas have al so been recognised as media
for the generation of coherent X-ray radiation. Coherent emission in the soft X-ray region can indeed be obtained
either via population inversion with consequent laser emission [2] or via high order harmonics generation [3,4].
To date, X-ray laser emission from laser-plasmas has been the brightest source ever achieved in alaboratory, its
peak spectral brightnessin a 0.01% bandwidth being as high as 10” ph s mm > mr* . Accessible laser emission
in the X-ray spectra region is one of the more attractive goals of the scientific community due to the great impact
that such an intense and coherent source of X-ray radiation can have in scientific and technological applicationson
asub-nanometer scale.  However, due to the large separation of electronic levelsinvolved in the laser transition,
the enormous power required to achieve population inversion can only be delivered by the most powerful lasers
available today.

Among all the possible applications of laser produced plasma X-rays (LPP X-rays), Inertial Confinement
Fusion (ICF) is one of the most relevant. In ICF experiments, X-rays are employed not only to diagnose the
physical properties of the plasma, but also to reach ignition conditions. In fact, in one of the schemes currently
pursued to achieve ICF, the pellet (micro-spheres filled with deuterium and tritium) isilluminated by the X-rays
produced by the interaction of laser light (or the charged-particle beams) with the walls of a cavity made of high Z
material surrounding the pellet. On the other hand, laser-plasma X-ray sources are extensively used in awide range
of advanced scientific and technological applications including X-ray microscopy, nano-lithography, dynamic
studies of mechanical properties of materials, X-ray time resolved radiography.

The present work is devoted to the description of all the aspects mentioned above and to discussing the
implications of these studies in applications requiring X-ray radiation. The following chapter is devoted to a brief
description of the basic plasma physics concepts in view of their application to laser produced plasmas. Simple
models of laser plasmas are introduced to study their temporal evolution. A closer look at basic laser-plasma
interaction mechanisms, including absorption mechanisms and laser induced instabilities of particular relevanceto
X-ray emission, are presented in Chapter 3. An entire section is devoted to the introduction of basic processesin
laser-plasma interactions in the femtosecond regime. The properties of X-ray emission from laser plasmas are
discussed in detailsin Chapter 4 with particular attention to atomic physics processes and to plasma equilibrium
conditions relevant to laser-plasmas. X-ray emission from femtosecond interactions and X-ray lasers are also
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discussed in detail. The experimental approach to X-ray emission from laser plasmasis dealt with in great detail in
Chapter 5. lllustrative examples of X-ray diagnostic techniques of laser-plasmas including spectroscopy and fast
imaging are described and discussed. A separate section is devoted to electron density measurements due to their
relevance in X-ray emission studies. Generation of particles and high energy photons is also discussed in view of
the latest findings in ultra-fast interactions. Finally, an overview of present and forthcoming applications of X-rays
from laser-produced plasmasis given in Chapter 6, along with a comparison with other X-ray sources.



2. LASER PRODUCED PLASMAS.

2.1 Basic concepts

Laser radiation of high intensity impinging on a solid target, rapidly produces a plasma on its surface. Fig.2.1
showstypical profiles of density, temperature and expansion velocity of the plasma generated by irradiating a solid
target with apowerful, 1um wavelength, nanosecond laser pulse.
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Fig.2.1. Typical temperature, density and expansion velocity profiles of a plasma generated by irradiation of a solid target by a
nanosecond laser pulse focused on target at an irradiance of 1014 W/cm? [5].

The propagation of laser light in the plasmais dominated by the presence of free electrons, and follows the
dispersion relation

ol =wp +ki . (2.1)

In thisexpression, w. and k. are the angular frequency and the wave number of the laser light, c is the speed of
light in the vacuum and

(2.1.b)

isthe plasmafrequency, e and m being the charge and the mass of the electron respectively and ne the plasma
electron density. The group velocity v = c(1- w3/ w?)¥? decreases as the electron density increases, down to the

limit value vy = 0, at the critical density ne = mw?/4ne? = 11 10% A*(nm) cm >, Basically laser light cannot
propagate at densities ne > n. and consequently the interaction devel ops in the underdense plasma, while the light
wave becomes evanescent in the overdenseregion .

An estimate of the temperature of laser produced plasmas can be obtained by equating the absorbed laser
intensity | s to the electron heat flux



12

aKp Te
Iabs»fé meg nekBTe;

whereT. isthe electron temperature, ks isthe Boltzmann constant and f <1 isthe "flux limiter" parameter (see 8
2.3.1) that accounts for flux inhibition effects due to deviations from the classical Spitzer description of heat
conduction [6]. Solving for the temperature gives
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that for typical parameters | s =10°W/ cm?, f =0.1, n. =10"cm®, gives T =0.6keV . This simple model
does not include energy loss mechanism like radiation emission and plasma expansion. Therefore, Eq.2.2 tends to
overestimate the e ectron temperature.

The plasma produced by the impinging laser radiation develops and expands in the vacuum. The blow-off
velocity isroughly equal to the local sound speed

\/3kBTi +Zk 5T,
V»Cs =
M

(2.3)

whereTj, Z and M are the ion temperature, the charge number, the mass of the ion, respectively. Typical valuesfor
the blow-off velocity range between 107 and 108 cm/sec. For relatively short laser pulses, provided that the laser
focal spot isnot too small, the expansion velocity determinesthe longitudinal (perpendicular to the target surface)

density scale length of the plasma produced. In the general case, such a scalelength is given by
Ln© ne/Nne » min[csr,q>] , wheret and ¢ are the laser pulse length and the focal spot diameter on the target,

respectively . The temperature scalelength L, © T./NT, isvery long for ne <n., due to the high electron thermal
conduction in the underdense, hot plasma. However when plasmas are produced by interaction with massive solid
targets the temperature scalelengthis extremely short in the overdense region behind the critical density where a
cooler plasmaisin contact with the solid target material.

The basic parameter that characterises the plasma (collective) behaviour of an ensemble of ions and electrons is
the Debye screening length,

1/2
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where vi, = (kBTe/ m)]'2 @4.19" 10°(T. (eV))”zcm /sec, isthe thermal electron velocity. This parameter gives a
measure of the range of action of the eectric field of anindividua charged particle in the plasma, and sets a lower
limit to the scalelength of a given electron density perturbation. The basic conditions for the existence of a
collective behaviour arethat Ao << L where L isthetypical macroscopic size of the particle ensemble and that the
number of particlesin the Debye sphereisvery high, i.e. Np >>1 where
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Asaconseguence of these conditions, plasmawaveswith awave vector k can exist in the plasma provided that
kAo <<1.Finally, the degree of coupling of the electronsin a plasmais given by the parameter

2 ~1/3 1/3

€N _14 107"

G=
k B Te Te(eV)

(2.6)

that is, by the ratio between the Coulomb potential energy €°/r at the average inter-particle distance r =n. ** and
the mean thermal kinetic energy ksTe. As an example we consider the case of a plasma of interest as an X-ray
source with an electron density ne = 10*cm ® and an electron temperature Te =500eV . In these conditions the
Debye screening length is Ao = 50A , the number of particlesin the Debye sphereis Np =600, and G» 3™ 10°°.
Typical plasma collective phenomena are expected in such conditions while, since the coupling parameter issmall,
the electron gas can be treated within the ideal gas approximation.

2.2 Semi-analytical modelling of laser plasmas

The kind of plasma produced by focusing alaser pulse on a given target can be predicted by different types
of numerical simulations. However, analytical or semi-analytical models based on very simple physical
assumptions have also been devel oped which describe plasma formation and hydrodynamic expansion. These
models allow to quickly get the parameters of the plasmain given geometrical and physical interaction conditions.

A simple analytical hydrodynamic model of laser heated exploding foils [7] has been developed which
predicts the conditions of the plasma (temperature, density, scale length etc.), for a given set of experimental
parameters (laser intensity, laser pulse duration, target thickness and target composition, etc.). The model assumes
inverse bremsstrahlung as the dominant mechanism of absorption of the impinging laser radiation and is based on
aself-similar solution of single fluid, ideal hydrodynamic equations that describe the isothermal, homogeneous
expansion of a plasma in plane-parallel geometry. The laser pulse is assumed to be flat-top, i.e. with constant
intensity for the entire pulse duration t, . The spatia solution for the plasma mass density is found to be

m é X%\
= ex — 2.7
Pz P 27

& 2120

m being the column density of the foil and L the time-dependent scale length, defined by the relation
v =x(aL/at)/L . Analytical solutions of the self-similar equations, as useful scaling laws for the plasma variables

can be derived for three ditinct temporal intervals marked by two characteristic times, i.e. the laser pulse duration
t, and the transparency time t ., i.€. thetime at which the inverse bremsstrahlung optical depth through the foil
isequal to one. After atime of the order of the target sound crossing time at theinitial temperature, upto t <t s,
the following power law functions describe the main plasmavariables:
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where nemax 1S the maximum value of the electron density distribution, | is the laser intensity in units of
1014W/cm?2, A the atomic number normalised to 80, Z the average charge per ion normalised to 25,t  isthetime
from the beginning ot the pulse normalised to 1ns and m is the foil column density normalised to 10-4g/cne.
Also theinverse bremsstrahlung optical depth t;, and the transparency time can be expressed as power laws

2m273L g Eg\‘%m%z% L}’a 0
» =9.52" 10'335\ © tyans=157" 10" ns.
T eATAL S & 7n% 5

where A isthe laser wavelength normalised to 0.53nm, i.e. the frequency doubled Nd:Y ag laser wavelength. The
temperature at the transparency timeis given by

#n Bans772 7506
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whereL isthe Coulomb logarithm normalised to 5. For times t,,,.<t <t_ the temperature remains constant at
Tirans, While the scalelength and the density are given by
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Finally, after the laser isturned off, i.e. for t >t, , thefoil continues to expand according to the following laws

A Y Yo7k Yot Yt 0
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We note that the model relies on the isothermal and linear velocity approximations and therefore it is not
expected to be valid at very early times, but only for times longer than t ... Inaddition, two-dimensional effects
may be important in particular circumstances thus invalidating the basic assumptions of the model when the scale
length equals or exceeds the width of the laser spot, W . Finadly, at very high laser intensities, severa laser-plasma
instabilities set in, which may play an important role in the interaction.

2.3 Hydrodynamic simulations

A more detailed description of laser-plasmainteractions can be obtained by means of numerical simulation.
Once suitable approximations have been made, the set of differential equations that describe the motion of plasma
can be solved numerically and the main properties of the plasma can be calculated and compared with the
experimental ones. The one-dimensional Lagrangian code MEDUSA [8,9] will be briefly described here and
examples of simulations of real experiments will be given to describe the benefits and the limits of this approach.

8



2.3.1 - Lagrangian co-ordinates

In a hydrodynamic simulation code the plasmais usually described as atwo component (electrons and ions)
fluid characterised by four main variables, the plasma mass density p(x,t), the fluid velocity u(x, t) , the electron
temperature Te(X, t), and theion temperature T (x, t) . For the specific purpose of describing laser-plasmas, ions
behave as a perfect gas, while electrons are described either by an ideal gas equation of state (EOS) or by a
Thomas-Fermi EOS. For plasmas produced by relatively long pulses (up to a few nanosecond), a perfect gas
EOS satisfactorily models the generated plasma. In contrast, in the case of shorter laser pulses (down to a few
picoseconds), a non-ideal electron gas EOS based on the Thomas-Fermi model can be used and degeneracy
effects should also be taken into account. Charge neutrality requires that the electron fluid and the ion fluid share
the same velocity. In this case, neglecting internal €l ectric and magnetic fields, the equation of motion becomes

du dp
Pt T ax’

wherep isthe massdensity and p = pi + pe isthe hydrodynamic pressure. Each subsystem is also governed by
an energy equation which is obtained by balancing the rate at which laser energy enters the subsystem and the
rate at which this energy goesinto modifications of the thermodynamic and kinetic state according to

aT  dp v
Cv— +BtT—+p— =185, 2.8
Va T w P (28)

where S is the rate of energy input per unit mass, Cv = (a U/aT)p is the specific heat per unit volume,
Br = (aU/ ap)T describes the variation of the internal energy due to the interaction between particles within the
same subsystem, and U = pV/(y - 1) istheinternal energy per unit mass. Electrons can exchange energy via
thermal conduction, electron-ion collisions, bremsstrahlung emission and absorption, while ions exchange energy
viathermal conduction, eectron-ion collisions, and viscous shock heating. Energy is exchanged between ions and
electrons by means of electron-ion collisions rate. Inverse bremsstrahlung absorption of laser light is modelled
using classical coefficients (see § 3.1.1). The thermal conductivity is modelled in terms of the classical [6]
conductivity. The heat flux is limited, for high temperature gradients, to the so called free-streaming limit,
Femex = f Vin Ne ks Te, according to the expression Fejimited = (Fe'l S )'l where f isthe flux limiter parameter

(f <1). The electron heat flux, according to the usual definition, is proportional to the electron temperature
gradient, i.e. Fe = kst NTe, where « g isthe Spitzer-Harm conductivity.

2.3.2 - Modelling long scalelength |aser-plasma experiments

In the simulation code, atarget can be specified by giving atomic number, atomic mass, mass density, thickness
and boundary conditions. Laser pulse parameters can be specified including wavelength, intensity, pul se-length,
temporal shape and timing relative to the start-time of the hydrodynamic simulation.



Many physical processes can be accounted for and controlled by means of other input logical switches
including resonance absorption (see § 3.1.3), hot electrons and ponderomotive force effects. The ionisation
equilibrium can be calculated by the code using Saha ionisation model.

As an illustrative example, we now consider an experiment [10, 11] in which the plasma is pre-formed by
irradiating atarget consisting of asmall disk of Aluminium (400 pm diameter, 500 nm thick). Four laser beams
(600 ps FWHM, 1.053 pum wavelength) are superimposed on target, two on each side of the disk, focused in a
600 um diameter focal spot. In such a configuration the irradiation geometry is symmetric with respect to the
plane of the target. Therefore simulations can be performed by keeping fixed the rear boundary of the target and
assuming asingle-side irradiation, with atarget thickness equa to half of the original thickness.

The code predicts the temporal evolution of the main hydrodynamic variables including electron and ion
temperature, mass density, hydrodynamic velocity and pressure and average ionisation relative to each cell in which
the plasmaiis spatially sampled according to the numerical implementation of the Lagrangian scheme. Radiation
losses due to bremsstrahlung emission are also accounted for although, for low and medium Z plasma, they are
usually negligible.

Our attention is focused on the plasma formation, heating and initial stage of cooling, when intense X-ray
emission occurs and can be investigated experimentally by means of X-ray spectroscopy as described in the
following sections. Fig.2.2 shows the resultsof the ssmulations in terms of the electron temperature and density
profilesin eV and cm-3 respectively at the peak of the heating laser pulses. Taking into account that the critical
density at 1.053 pmis ner @102 cm™, Fig.2.2 showsthat, at the peak of the pulse, the plasmais still overdense

over a50 pum long plasma column.
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Fig.2.2. Electron density and temperature profiles obtained from the hydrodynamic simulation at the peak of the heating laser
pulse. A 250 nm thick Al target is irradiated at a wavelength of 1.053 pm and at an intensity of 3" 1013 W/cm2. The electron
conductivity is limited to 10% of the free streaming value.

The electron temperature is uniform over the sub-critical region whereit is expected to be greater than 1.2 keV,
decreasing to approximately 0.9 keV into the higher density region, where laser light cannot propagate. Fig.2.3
shows the electron temperature and density profiles calculated using the same conditions asin Fig.2.2 but relative
to later times, i.e. 2.2 ns, 3.0 nsand 4.3 ns after the peak of the heating pulse.
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Fig.2.3. Electron density and temperature profiles obtained from the same simulation of Fig.2.2 at three different times after the
peak of the heating laser pulse. A 250 nm thick Al disk target is irradiated at a wavelength of 1.053 um and at an intensity of

3 1013 wicm?2.

Approximately 2 ns after the peak of the heating pulse the plasmais fully underdense, the peak density being
approximately ner /10 and the electron temperature, uniform over the whole plasma, being approximately 600 eV.
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3. LASER-PLASMA INTERACTIONS

3.1. Absor ption mechanisms.

As laser light propagates in the plasma, several mechanisms can account for transfer of energy from the em.
wave to the plasma, according to the interaction regime.

3.1.1 - Inverse bremsstrahlung absor ption

The electrons, while oscillating under the action of the laser electric field, collide with theions giving rise to
transfer of electromagnetic energy to the plasma. The fraction of absorbed laser energy after a propagation over a
distance L in auniform plasmais given by:

Olaps =1- exp(- kibL) (3.1)
where
é @D "20-1/2
=21 10 77n?2 2 E®p0 " 32
kib =3.1" 10 ZneIanL81 & 0 | (Te(eV)) " “cm (3.2

is the inverse bremsstrahlung coefficient, i.e. the imaginary part of the laser wave vector k, and InL is the
Coulomb logarithm for electron-ion collisions which, for T;me/m; <10Z%eV <Te s given by
InL » 24~ In(nd*/Te(eV)).

It isclear from Eq.3.2 that collisional absorption is higher for lower temperatures, higher densities, higher Z
plasmas. Consequently, in the case of interaction with inhomogeneous plasmas (see Fig.2.1) most of the
absorption takes place in the proximity of the critical density n., provided that the density scalelength is not too
short. Infact, severa processes can lead to shortening of the density profile near n. (steepening), thus strongly
reducing inverse Bremsstrahlung absorption [12]. On the other hand, for sufficiently large scalelengths, strong
absorption may occur in the well underdense plasma (n. << n.) preventing laser energy from reaching the critical
density layer.

At high laser intensities the electron-ion collision frequency is dominated by the oscillatory motion of the
electronsin the laser dectricfield. In fact, the effective electron velocity isin this case given by

Ve =V + (eEL/ Mo )’

where E_ isthelaser electric field. Due to the strong dependence of the cross section of electron-ion collisions on
the electron velocity, o » 4t Z?e*'mvin , the inverse Bremsstrahlung coefficient reducesto the effective value

21
3a,p U

é
ff
Kib =Kipal+— . .
2€v. 9 {

(3.3)

where vq = eEL/mw. » 25 A (mm) /I(W/cm?) em/ sec isthe electron quiver velocity.

An additional cause of reduction of collisional absorption is the deviation from the Maxwellian electron
distribution that occurs at high laser irradiances [13]. Infact, when therate of the energy gain of an electron from
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the laser field ( » vaV3 ) islarger than the rate at which electrons can share energy with each other (» veViy ) to
form a Maxwellian, there is a lack of low-energy electrons in the distribution compared with the case of a
Maxwellian. Since low velocity eectrons are mainly responsible for collisional processes, collisional absorptionis
consequently reduced. This condition can be expressed by the following relation:

--2
®q0

X >1 34
S (3.4)

wherevs = 3” 10°Zn.InL (Te(eV)) **sec’® and Ve » va/Z are the electron-ion and the electron-electron
collision frequency respectively.

The equations given above can be used to estimate the expected absorption for a given set of interaction
parameters including laser wavelength, pulse-length and intensity and plasma charge state, provided that other
plasma parameters like density, temperature and their scalelength are introduced self-consistently. In generd, this
can only be done by numerical hydrodynamic simulations. In particular cases like long scalelength plasmas,
inverse bremsstrahlung absorption can be easily estimated and measured as discussed in § 5.4.4.

3.1.2 - lon turbulence absor ption.

The inverse bremsstrahlung absorption coefficient reported in § 3.1.1, has been evaluated assuming a
completely random ion motion. However, it has been shown [14] that in the case of correlated motion of the ions,
the absorption coefficient can increase significantly. Considering a coherent ion turbulence with a fluctuation
spectrumd n; (R) , the energy damping rate of laser radiation becomes

(Kp~ € 1 U
veii =— & 8% ni( )9 Ima—=— jcos(61) (3.5)
2 1€é ne o gsik,wLia

where 6; is the angle between the wave vector k and the laser dectric field E. , and a(R,wL) is the complex
dielectric constant of the plasma. In the case of short (T <100ps) pulse experiment and under ideal conditions,
ion-acoustic fluctuations can cause an increase of the absorption up to 20% . For long pulse experiments, low
Z targetsand A, >1nmm, ion turbulence absorption can exceed inverse Bremsstrahlung.

3.1.3 - Resonance absor ption.

Laser radiation obliquely incident on a plasma and with a component of the electric field in the plane of
incidence (EL >N, 1 0) can excite resonant longitudinal plasma oscillations at critical density surface. The
damping of the excited electron waves leads to conversion of electromagnetic laser energy into thermal energy. The
turning-point for alight wave impinging on a plasma density gradient at an incident angle 6 , occurs at a density
ne given by the classical theory

n?(0) =n. cos’ (). (3.6)

Therefore, the component of laser electric field parallel to the density gradient has to tunnel through the plasmato
reach the critical density region and drive resonantly electron plasmawaves. Consequently, there is an optimum
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angle of incidence that maximises the absorption. In fact, for 6 ® xt / 2 the electromagnetic wave hasto tunnel
through a too large distance and the plasma wave is not driven efficiently. On the other hand, for 6 ® 0 the
component of laser electric field parallel to the density gradient vanishes and once again the electron wave is not
driven efficiently. It can be shown that [15] the resonance absorption coefficient maximises at »50% for an angle
of incidence given by sin(6) » 0.8(w. L /c) ™, where L is the density scalelegth and . is the laser angular
frequency.

There is a simple way to show the dependence of the resonance absorption on laser polarisation and turning
point position. By expressing the plasma dielectric constant in terms of the electron density,

2

2§ n
g =1- 2% =1. = (3.7)
ewn, @ n,

the Poisson equation in aplasma, N >(a E) =0, can be written asfollows

ﬁ)é:- NSXE:NneE.
€ N: - Ne

On the other hand N >E = -4ped n, where dn, is the electron density perturbation of the plasma wave. By
equating the right member of the two last equations, we have
Kin, xE

dnNg =———.
4w e(n, - n,)

(3.8)

The last equation shows in particular that "s" polarised laser radiation, for which Nn, xE = 0, cannot drive
Langmuir waves, whilefor "p" polarised radiation, for whichNin, XE1 0, the electron density perturbation of the
plasmawave increases when the critical dendity is approached.

3.1.4 - Brunel effect

Very intense laser radiation, obliquely incident on a metallic surface or a sharply bounded overdense plasma,
pulls electrons into the vacuum and drives them back into the plasmawith avelocity vq = €E. /mw. . Since the

electric field insde the plasmais zero, one can see that a large part of the kinetic energy acquired by the electrons

in the vacuum is lost when electrons re-enter the plasma [16]. This mechanism is more efficient than the usual
resonance absorption for vq/w >L, L being the density scalelength. Since the absorption due to the Brunel

effect is proportional to vq/c, it plays an important role at relativistic laser intensity and is of particular interest in
femtosecond interactions where sharply bounded plasmas may be achieved.

3.2. Parametric instabilities

When laser light propagates over along region of underdense plasma with L >>A, , many physical processes
can take place, which may produce electron and ion plasma waves and scatter laser light. The damping of these
waves produces plasma heating, while the scattering reduces laser absorption in the plasma. In addition, self-
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focusing and filamentation may give rise to local enhancement of the laser intensity, making it easier to achieve
instability threshold conditions. In the following, we briefly report the main conclusions relative to the most
important instabilities occurring in laser-plasmainteractions, with particular attention to matching conditions and
laser intensity thresholds.

3.2.1 - Simulated Brillouin Scattering (SBS).

Laser radiation propagating in long scalelength, underdense plasmas produces a transverse current ju SnE,
acting on an initia low-frequency density perturbation & n. A reflected light wave is generated which, interfering
with theincident light, produces a variation in the wave pressure, N (EL ><EB)/ 45, which canin turn reinforce the
density perturbation. This feed-back loop gives rise to an instability, provided that the frequency and wave
number matching conditions are satisfied

o, =wg tw;, k. =k +k;

where (o, ,k, ), (wg, kg) and(w;, k;) are the angular frequency and the wave vector of the impinging laser
radiation, the scattered radiation and the ion plasma wave respectively. In the typical conditions of interactionin a
well underdense plasmaand in the case of the backward SBS we have

o, >>w;, k. /I-Kg,
therefore, according to the matching conditions one finds

ki » 2k, » Zw—cl', kg »- k_ »- %, wg=w, - 2K C;=w, - ZmL%

In general, SBS can cause large rejection of the incident laser radiation leading to a strong reduction of plasma
heating. In the case of homogeneous plasmas the threshold intensity of the SBS instability is set by the damping
rates of the output waves. However, amore redistic caseisthe interaction of laser light with plasmascharacterised
by alongitudinal electron density scalelength L . In this case, the SBS instability threshold in terms of the
electron density scalelength L (mm) , the plasma electron temperature Te(eV), and the laser light wavelength
AL(mm), is[17]

s Te C
lows =7 1012L—M:— W/em? . (3.9)

Gradientsin the expansion velocity of the plasma can a so be effectivein limiting the region of coupling [15]. The
above equation can be modified in the presence of avelocity gradient by replacing L with Ly wp’/2wL?, where

Lv = v/(aV/ ax) isthevelocity scalelength.
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3.2.2 - Simulated Raman Scattering (SRS).

We consider a plasmawhose density isrippled by a density fluctuation 8 n, associated with an electronplasma
wave. Laser radiation propagating through this plasma generates a transversecurrent J E.8n,. If the wave
number and frequency matching conditions

0, =ogr+tw,, k. =kg+ke

arefulfilled, thistransverse current produces a scattered radiation which, in turn, interferes with the incident laser
radiation and reinforces the density fluctuations via the wave pressure N (EL XER)/ 4. This positive feedback
produces the Raman instability. One can easily verify that wave number and frequency matching conditions can
only be satisfied for densities n, <n./4. By combining the frequency matching condition and the electron plasma
wave dispersionrelation ol = wj +3kvi, =} (1+315 k%), one can obtain the frequency shift of the Raman

scattered radiation:
L2
Oz 0L _ GO 14, 2]
®, en.g

On the other hand, by using both matching conditions and dispersion relations for the two el ectromagnetic waves
and for the plasma wave, one gets the wave vector of the plasma wave, in the condition of weak damping,
Khp << 1:

5 12

1/
kL el' N1/2 a

where N =n./n. and + and - refer to the backward and forward SRS respectively.  Again, in the case of
inhomogeneous plasmaand in the limit of ne << n¢/4, the (back-scattering) threshold intensity ig17]
4" 10"
LAL

lisrs = W/em®  (ne<<nc/4) (3.10)
We observe that, in contrast with the SBS threshold, the SRS threshold does not depend upon the electron
temperature. This equation holds provided that the electron density is sufficiently small compared to the upper
limit density at which the instability can occur, i.e. n¢/4. When this condition is not fulfilled a more accurate
analysisis required [15] which predicts areduction of the above threshold intensity by afactor of (A./2p L)” 3,
For sufficiently long scalelength, experiments show that a significant fraction (»10%) of the laser energy can
be converted by SRS into hot electrons[18]. As discussed below in Sect.3.2.6, these electrons, besides providing
valuableinformation on the instability itself, give rise to intense emission of hard X-rays . Stimulated Raman
scattering can therefore be exploited to enhance emission of hard X-raysin LPP X-ray sources.

3.2.3 -Two Plasmon Decay (TPD).

Near the quarter critical density, n, = n./ 4, laser light can decay into two electron plasma waves (plasmons).
The plasmawaves satisfy the energy and momentum conservation equations
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o, =wg twg, K =kg+kg,

where wz and wg arethe plasmon frequencieswhile kg and ki are the corresponding wave vectors. In the limit
of weak Landau damping of the electron waves, kéyR A3 <0.1 and taking into account the dispersion relations for

photons and plasmons, one gets the electron density at which the instability occurs:

o 1 3,2 2\~ 2 O
—_» Zﬁ- _2(kB + kR)kDg'
The minimum electron density for TPD is determined by the Landau damping condition k3 x A3 » 0.1,
whereas the maximum density is given by the minimum value for (ké + k;) , which isroughly k*. Consequently

the density range for TPD to occur and the corresponding frequencies of the two plasmons are:

0.19<ny/ne <7 d- SKiAGD,  wan» rgle (ke +Ki)hg)
wherethe "+" sign refersto the blue shifted plasmon, travelling with awave vector component in the direction of
the pump laser wave, whilethe "-" sign refers to the red plasmon, for which k. *Kg can be either positive or
negative [19].
Finally, the inhomogeneous threshold intensity is given by [17]

lipo =5~ 10% T W/cm? (3.11)
va VL

where L 1/4(mm) isthe electron density scalelength at ne @nc/4. A signature of the occurrence of two plasmon
decay in laser plasma interaction experiments is the production of electromagnetic radiation at a frequency
corresponding to half-integer harmonics of the incident laser light, and in particular at the three-half harmonic.
This emission originates from the non-linear coupling of the incident em. wave with the plasma waves produced
by the two plasmon decay instability. The spectral distribution of the three-half harmonic is strictly related to the
dynamics of the coupling as well as the TPD instability itself. In particular, such a distribution can provide
evidence [19] of propagation of the TPD plasmons in the density gradients, prior to their coupling with the
incident laser light. Asin the case of SRS, the occurrence of TPD leads to intense emission of hard X-rays which
can be easily diagnosed by using simple techniques based upon detection of X-rayswith appropriately filtered X-
ray detectors[20].

3.2.4 - Filamentation

The occurrence of filamentation and/or self-focusing of a laser beam in a plasma causes substantial
modifications of the plasma conditions, producing local density depression and an increase in the eectron
temperature. These circumstances, and the consequent effects on emission, absorption and scattering of radiation
[21, 22] can provide indirect evidence of the processitself. Anincreasein the local electron temperature affects
the emission properties of the plasma. In particular, the spectral distribution and intensity of the X-ray radiation
emitted from the plasma region involved in the filamentation processes will result modified. All the emission
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processes (see 8§ 4.1) arising from bound-bound, free-bound and free-free transitions, will reflect the modifications
occurring in the plasma, with atime response typically of the order of apicosecond [23, 24].

Filamentation of laser light in a plasma can occur when asmall perturbation in the transverse intensity profile
of the incident laser beam induces a perturbation in the electron density. This perturbation can be generated either
directly, viathe ponderomotive force, or indirectly as a consequence of localised collisiona heating and subsequent
plasmaexpansion. Once the perturbation has been generated, refraction of the laser light in the electron density
perturbation enhances the intensity perturbation providing the feedback for the instability.

The most important theoretical results concerning the filamentation instability have been derived by using a
simple model in which a sinusoidal intensity perturbation is imposed on a plane light wave interacting with a
plasma. Recently, the effect of non-local heat transport has also been included [25] to account for deviations from
the classical Spitzer-Harm conductivity occurring when the electron temperature scalelength is shorter than the
electron mean free path. In these conditions thermal transport must be described solving the electron Fokker-
Planck equation. This modification to the electron heat conductivity leads to the following expression for the
spatial growth rate of the filamentation instability

o K

1/2

u

—* 3.12

2J_€2nc Ypt YT K 7y (3.12)

_k_
ke

where e = 1- ne/nc isthe plasmadielectric function, ks, and kep are the Spitzer-Harm conductivity and the
effective Fokker-Planck conductivity that accounts for non-local transport effects [26] and k-~ is the wave-number
of the sinusoidal spatial modulation. The above equation basically consists of three terms. In the first term
vo =(¥4)(Z /(Z +1))(v/ V&) accounts for ponderomotive effects, v, and vin being the quiver and thermal
velocity of the electrons respectively, and Zthe charge state of the plasma. In the second term
v: = ¢°Y o k+ksTe accounts for thermal effects, S being the background inverse bremsstrahlung heating rate
and Te the electron temperature. The third term is due to diffraction and gives negative feedback as it tends to
defocus the beam. The important consequence of non-local electron transport in the theory of filamentation
instability isthat the threshold of the instability is substantially reduced since, generally speaking, the growth rate
isincreased. In addition, an optimum perturbation wavelength is found which maximises the growth rate, in
contrast with the theory based on the classical € ectron transport, which predicts a constant growth rate over awide
range of perturbation wavelengths ([27] and references therein).

Since filamentation is seeded by perturbations of the intensity profile of the laser beam, several beam
smoothing techniques have been adopted in order to control the growth of the instability. Even though some of
these techniques are very effective in reducing small scale filaments, whole-beam self-focusing is found to be
basically unaffected [24]. A specia role is played by filamentation when other laser-induced instabilities are
present. In fact, filamentation (and self-focusing) can deeply modify both the longitudinal and transverse
distribution of the laser field amplitude in the plasma. As a consequence, some instabilities may be enhanced, some
other suppressed. As an interesting example, sum of frequencies via stimulated Brillouin scattering was observed
in a filamentary plasma [28]. As we will see in the following, filamentation may also influence the X-ray
generation process.
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3.2.5 - Surface Plasma Waves (SPW).

A sharp plasma boundary, as that created by ultra-short pulses, can support surface waves [29]. These
fluctuations of the electron density are accompanied by amixed transverse and longitudinal electromagnetic field.
In the case of a SPW propagating on a plasma surface (z = 0) in the x direction, the electric field is given by

éi = (Ex,i, 0z Ez,i) eXp[i(kx,iX +Kk;iz- (Dt)], i=1,2,

where"+" and "-" correspondto z>0 (i =2) and z<0 (i =1) respectively. Inthephysical conditionsin which
the SPW can be supported, ki is represented by a complex number while k;, which isimaginary, causes the
exponential decay of the field, for increasing values of 2.

Due to thedispersion relations of SPWs and el ectromagnetic waves, p-polarised laser radiation, impinging on
the plasma at an angle 6, cannot excite SPW at the vacuum-plasma boundary. This can only occur if a low
density plasmais present in front of a high density plasma boundary. Alternatively, SPW can also be excited in
the presence of an electron density modulation at the plasma surface whose wave number (DKy) allowsto fulfil
the matching conditions

The damping of the SPW, excited by intense laser radiation, produces a quite efficient absorption of laser
energy in the plasma. In fact, the component of the electric field perpendicular to the plasma surface causes a
strong coupling with the resonance absorption.

3.2.6 - Hot electrons.

Measurements of the spectrum of the X-ray radiation emitted in laser-plasma interaction experiments often
show evidence of the generation of suprathermal electrons. In fact, beside the thermal Maxwellian population of
electrons characterised by atemperature Te, thereis a small population (nn/nc » 0.01) which can be modelled as
being distributed as a Maxwellian at a much higher temperature Ty. These electrons giverise, via bremsstrahlung
emission, to hard X-ray radiation, well above the typical thermal emission from LPP. Besides its importance for
the understanding of the mechanisms from which such hot electrons originate, such an emission can be useful in
applications requiring harder X-rays.

Hot electrons may be produced by severa mechanisms. For example, they may be generated as a consequence
of the inhibition of electron thermal conduction [30, 31, 32] that prevents the laser energy absorbed in the
proximity of the critical density layer to propagate towards the high-density plasma regions. In these
circumstances, a thin plasma layer just beyond the critical surface can reach very high temperature, and the
production of hot electrons and ions becomes possible. Taking into account the inhibited electron thermal
conduction, one gets, for the hot € ectron temperature, Tr (I kz)% :

Another source of hot electrons is the resonance absorption mechanism . As shown above (8 3.1.3), this
absorption process produces an intense electric field parallel to the plasma density gradients, strongly localised in
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the proximity of the critical surface[15]. Numerical smulations[33] show that slow electrons that travel only a
small fraction of this high field region during alaser period, experience an oscillating electric field, which does not
produce a significant increase of their kinetic energy. On the other hand, very fast electrons that move across the
high field regionin avery small fraction of period, experience a constant electric field. However, due to the short
duration of the electric field action, the energy gain of these electronsis very small. On the contrary, electronswith
an intermediate velocity, crossing the region in afraction of period, Dt £ T/2 , can gain as much energy as their
initia kinetic energy. In this case the hot electron temperature scales as Ty, | (I}»Z)]'3 (Forslund et al., 1977).
Finally, electronscan be accelerated up to supra -thermal energies by the electric field of the intense laser

radiation or by that of the plasmawaves. In the case of the transverse electromagnetic wave, the maximum el ectron
energy gainis

1

De :l-rn\/zﬁ
"2 q(1- Vi V)

(3.13)

where v4 isthe quiver velocity, vy isthe component of the electron vel ocity along the propagation direction of the
wave, whose phase velocity is v, . Since the phase velocity of aelectromagnetic wave propagating in aplasmais

larger than the speed of the light in the vacuum v, = c(l- ws/ sz)- s c, the electron remains under the action of

an electric field of the same sign only for a short time. Therefore, the ssmple interaction between electrons and an

electromagnetic plane wave does not produce fast electrons, except for very high laser intensities. In the case of
interest, i.e. for electrons with a low initia speed v,/v, <<1, for A =1mm and | =10° W/ cm?®, we find,

De mex » 200 €V . In contrast, for arelativistic intensity | = 10°W/cm? then Demex » 0.6 MeV .

Longitudina electron plasmawaves are responsible for the generation, via collisionless damping processes, of
suprathermal electrons with energies up to the MeV region (Kruer, 1985). The phase velocity is given by
Vy = vth(3+J/(k>»D)2)y2 and can be relatively low so that some electrons can spend a long time in a region of

constant sign electric field and gain much energy from the wave. In the optimum condition the electron energy
ganis

I\.)Il—\

Dt e = 42 629"
ev,d
where v isthe electron quiver velocity, due to the electric field of the plasma wave. The amplitude of the electric

field of the plasmawave can be obtained by the Poisson equation and is
E=4nk ‘9 n.e. If we introduce the ratio between the phase and the therma velocity m=v,/vi, and

approximate the ratio of the quiver velocity to the phase velocity as follows

vy _ €EK _dn.am,5° dn,
= —_— » —_—

Vq
Vo mo’ ne €o%  n

we can rewrite the previous formulafor the energy gain:

1

2
Dt e = = V2 817 @’ N.0* (3.14)
2 €n 9
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For typical values of interaction experiments with long scalelength plasmas, i.e. for n =10, dne/n. =0.1 and
Te =0.5 keV , wefind Demax =125 keV . We observe that such high energies can be achieved at laser intensities
much lower than the value considered above.

In the early experiments on laser driven inertial fusion it was soon recognised that these hot electrons were
highly detrimental to the achievement of ICF conditions[5]. In fact it was found that they produced a substantial
pre-heating of the fusion pellet which prevented its efficient inertial compression. Therefore, astrong effort was
spent in trying to design interaction configurations in which hot el ectron production could be inhibited. One of the
results of this effort was the development of short wavelength high power laser technology. In fact, the use of
shorter wavelengths leads to a substantial reduction of laser induced instabilities and therefore to a less efficient
generation of plasma waves and hot electrons. Another approach to a strong reduction of laser induced
instabilities and hot €l ectrons was the indirect drive approach in which pellet implosionis driven by X-rays instead
of laser light directly.

It isinteresting to note that recently, with the advent of ultra-short pulse laser technology, a novel scheme has
been proposed [35] as a short-cut towards the achievement of ignition in conditions that, in either direct and
indirect drive schemes are otherwise prohibitive. Surprisingly, this scheme is indeed based upon a massive
production of hot electrons by an ultra-short, powerful laser pulse. The resulting hot electron beam penetratesinto
the highly overdense region down to pellet core at the time of maximum compression. Here it releases most of its
energy giving rise to alocalised nuclear burn in the pellet core thus initiating the nuclear fusion process. The
possibility of achieving this goal is entirely related to the understanding of hot electron production mechanisms
and their control.

3.3. Femtosecond inter actions.

The advent of chirped pulse amplification [36] hasled to high power lasers capable of delivering several joules
in tens of femtoseconds (1 fs=10 *sec) [37, 38]. These lasers alow to study radiation-matter interaction at
intensities exceeding 10° W/ cm’®. At these intensities the electric field of the laser radiation exceeds by several
orders of magnitude the atomic electric field. Matter is ionised in a fraction of the wave period, i.e. aimost
instantaneously. The basic interaction physicsin this novel regime [39] is entirely new, and possible scenarios are
described below.

3.3.1 - Basic Features of femtosecond interactions

As discussed in Chapter 2, the characteristic time of hydrodynamic expansion of laser produced plasmas, i.e.
the time taken by the plasmato expand by alength comparable with the laser wavelength, is of the order of afew
picoseconds. Therefore, the use of femtosecond laser pulses enables to study the interaction of intense optical
radiation with plasmas characterised by solid density (5° 10 el / cm®) and ultra-steep gradients. In fact, the scale
length of the plasma density in the direction perpendicular to the target surface is roughly given by L =csDt,
where Cs is the sound speed given by Eq.2.3 and Dt is the laser pulse duration. For Dt » 100fs and even for a
relatively high expansion velocity cs=10"cm/ sec, L »10™® =100A , which is much shorter than the vacuum
wavelength A of the impinging laser radiation, that isA >>L. Moreover the ponderomotive force acting at the
plasma-vacuum interface strongly contributes to the steepening of the density profile. In these interaction
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conditions, according to Eqs.3.9-11, parametric instabilities (Raman, Brillouin, etc.) and in genera the coupling
between plasma modes and laser field can not develop due to the extremely short scalelength of the underdense
region and the short duration of the laser pulse. In these experimental conditions laser radiation impinges at a
given angle 6 on aplasma surface characterised by a sharp density profile.

According to current ionisation models (see for example [40] and [41]) at the high intensities attainable by
femtosecond lasers, the time required to ionise the target is extremely short, so that the plasma becomes opague to
theimpinging radiation in afraction of a period of the laser field oscillation. In the typical experiments reported so
far, the laser pulseisfocused on a thick target, or afilm coated on a transparent massive substrate. In principle,
the plasma produced in these conditions can be divided in three regions. The first region consists of the plasma
expanding in the vacuum, whose typical extent is a few hundreds of angstroms. The second, characterised by an
electron density of the order of that of the solid target times the average ionisation degree, extends over alength of
the order of the skin depth, typically 8s = ¢/w, , that is, of the order of afew hundreds of A. In these first two
regions, laser energy deposition is accounted for by different mechanisms including collisional absorption,
resonance absorption, Brunel effect and anomalous skin effect. A strong electron heating is produced in avery
short time, so that the electron velocity distribution is far from a Maxwellian and the plasma, despite the high
density, is away from thermal equilibrium. The high density and the high electron kinetic energy make these
plasmas bright sources of X-rays pulses, with photon energy extending up to the MeV region. The third region,
not directly reached by the laser em. field, is heated by thermal diffusion and extends over several thousands of
angstroms.

In redlity, such a schematic view of the interaction can be strongly modified if target pre-heating occurs, due to
the presence of spurious laser pre-pulses which give rise to a precursor plasma on the target surface. In fact, in the
case of laser systems based on chirped pulse amplification technique, laser pre-pulse can arise from leakage through
the compression stage of the laser [42] or from amplified spontaneous emission [43]. This pre-pulse can produce a
tenuous plasma in front of the target, before the arrival of the main pulse thus deeply changing the interaction
conditions.

In order to minimise pre-pulse effects, targets consisting of very thin (d <1000A ) plastic (FORMVAR) foils
have been used [44]. Such thin foils have unique properties that make their use as targets in fs laser interaction
experiments particularly interesting. Primarily, due to the high optical transparency of these targets, the threshold
intensity for damage, and consequent plasmaformation, is high compared to the typical pre-pulseintensity level of
good performance femtosecond lasers. Moreover, in the laser pulse regime considered here a higher temperature
plasma can be achieved during the interaction, as a consequence of minor energy losses due to heat conduction.
In fact, the therma conduction length is much larger than the target thickness.

An important peculiarity of the interaction of high intensity femtosecond laser pulses with plasmas is
represented by the occurrence of relativistic effects. In fact, the electron motion in the oscillating field of the laser
wave is characterised by velocities that approach the speed of light in avacuum. From the relativistic equation of
motion one gets the electron velocity (normalised to the speed of light) and the related L orentz factor

pr— y=(1-pY)

ymoc'

(3.15)

It isuseful to introduce the dimensionless relativistic parameter
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which leads to the following expression for the Lorentz factor, averaged over an oscillation period of the laser wave,

) b
y =61+ 220 (3.17)
e 2 9

where o =1 for linearly polarised radiation and o =2 for circular polarised radiation. According to these
equations one can see that relativistic effects become relevant for ap » 1 that, for AL =1mm givesalaser intensity of

the order of 10 W/ cm?.

3.3.2 - Propagation of laser light in overdense plasmas

In principle, femtosecond laser systems open the possibility of investigating phenomena produced by high
intensity radiation in experimentally unexplored conditions, including propagation in plasmas whose density is
higher than the critical density. Recently, penetration of ultra-intense, short laser pulses into overdense plasmas has
been extensively investigated both theoretically and experimentally also in view of its relevance (see al'so Sect.3.2.6)
to the implementation of the fast ignitor concept [35]. Severa effects that predict enhanced propagation in
overdense plasmas have been considered including anomalous skin effect [45], self induced transparency (see for
example [46]) and ponderomotive force driven hole boring [47, 48, 49].

At non-relativistic intensity the propagation of an em. wave in an overdense plasma is expected to be limited to
the plasmaskin dept ds. A deeper penetration (anomalous skin effect) is possible in very hot plasmas, where the
electron velocity becomes larger than w.ds [50]. Recently the anomalous skin effect in solid-density plasmas has
been considered both analytically [51] and numerically [52], with attention to the case of the interaction with thin
foils.

In arecent experiment [53] the propagation of intense 30 fs laser pulses through thin plastic targets has been
studied. The measured transmittivity for laser intensities greater than 10 W/ cm® was found to be orders of
magnitude higher than the transmittivity predicted by current models. In particular, when the intensity was
37 10°W/ cm?, i.e. only weakly reativistic, almost complete transparency of solid density laminar plasmaswithout
substantial modification of the spectrum was observed with the additional evidence of spatial filtering effectsin the
transmitted pulse. Incidentally, thislatter effect provides anovel and smple way to perform a difficult task like the
spatial filtering of high intensity, ultra-short, aberrated |aser pulses. The observation of transparency of solid density
plasmas to ultra-short pulses at intensities corresponding to relatively low vaues of the relativistic parameter
introduced above (a, » 1.2) opens acompletely new area of investigation, very promising for applications likethe
fast ignitor scheme, and challenging for theoretical plasma physics.

The same group [54] recently proposed an explanation of these new observed phenomena based on the effect of a
super-intense magnetic field self-induced during the ultra-fast volume ionisation of the target. The magnetic field,
parallel to the laser oscillating magnetic field and therefore orthogonal to the wave vector, reduces the electron
transverse quivering motion and consequently the laser pulse can propagate through a highly overdense plasma
without significant attenuation and spectral modifications. The authors also show that in the cyclotron resonance
condition electrons can be accelerated to energies of severa MeVs.
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4. X-RAY EMISSION FROM LASER PLASMAS

4.1. Fundamental emission processes.

Once the plasma has gained thermal energy, radiation is emitted via free-free, free-bound and bound-bound
mechanisms. In the first mechanism, free electrons interacting with the Coulomb potential of theions, radiatein a
continuum electromagnetic spectrum, giving rise to the so called bremsstrahlung emission. The second process,
known as recombination, consists in the transition from initial free electron states to bound electron states and
produces a continuum electromagnetic spectrum. The third emission mechanism produces a line spectrum as a
result of transitions between discrete (bound) levels of ionised atoms [55].

4.1.1 - Bremsstrahlung

The power radiated by this process can be evaluated using a smple argument. Let us consider an electron, with
aninitial velocity v, interacting with an ion, with an impact parameter b. The characteristic interaction timeis
t =2b/v. So,thedominant frequency in the radiated electromagnetic spectrumis v » 3/2xt =v/4xb . On the
other hand, the energy DE, radiated during a single electron-ion impact can be evaluated on the basis of the
maximum acceleration a= Ze’/b’m, suffered by the electron. Therefore we have:

_2e¢’at 4 Z%°

DE — .
3@ 3mbv

The number of electron-ion collisions per unit time, with an impact parameter ranging from b to b +db, is
2z nivbdb. So, the power radiated per electronis:
. 4 7% " db
w :0DE>Qpni Vb>db»§rn—zc3 2p N; OF,

Dmin

where the maximum impact parameter brais given by the Debye length A, while the minimumimpact parameter,
determined by the uncertainty principle, isthe De Broglie wavelength, i.e.bmin = 2z mv. Since b, <<b,,,

the integration gives:

16p? €°

=Z°niv.
3 mhc

W »

Considering a Maxwellian distribution of electron velocities:

.32 2 .
e=ne§e m_o expﬁ mv_o (4.1)
eZpkBTe!Zi e 2kgT.2

we can obtain the Bremsstrahlung power radiated per unit volume W;g by evaluating the integral

¥

We = cyvf 4pv° dv.
0
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Due to the approximations made above, this calculation slightly overestimates W, . The exact numerical solution
differs from the result given above by afactor of 1/3V/2 and gives

_ 32n% Z%€° n.n, @kBTeC')}é
B — 2 H
35'2 mcc h € am @

W, =16" 107 Zn’T.(eV)”2 erg sec em’®. (4.2)

The characteristic dependence of Bremsstrahlung emission upon electron density and temperature is clearly
shown by this expression. To evaluate the spectral distribution of Bremsstrahlung emission, we start from the
relation between the frequency and the impact parameter and then we integrate the above expression over the
frequency n instead of b assuming Vmax >> Vmin, Where vinin @0:

2

. 4 7%° mdb 4 7% 8p’n, ™ Y
W:OaniDEVbdb»?SWanibSF»_ EW v OjV:A (ﬂ\/»AVmax,

Vmin Vmin

where Vi = mv?/2h, vimin = v/ 47 Ao . According to thisresult, the energy radiated by an electron of velocity v

per unit frequency, in the frequency range O0<v <vma, IS a constant and is equal to zero for v > via.
Therefore, the contribution to the frequency v comes only from those electrons whose velocity is v > (2hv/ m)]'2 .

Performing the integration, taking into account the contribution of all the electrons of the Maxwellian distribution
and correcting by the factor 1/3Y2, wefinally obtain the spectral intensity

1

1 % 32 2 52 Z e°n? hv &
We == (Afednvidv = “? T 0O =< ex EE 0
3E (2hvim) 3 e3kB Temz mc € kBTeﬂ

that, in anumerica form becomes

1 "
We @8x0% Z n T.? expls 0

erg sec 'cm Hz* (4.3)
e kgT.9

Taking into account the relation between the spectral intensity per unit of frequency and that per unit of
wavelength, we a so obtain the useful expression:

ergseccm™ (4.4)
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The maximum of the spectral emission occurs for he/Ak, T, » 2, i.e. at awavelength Ama(A)= 6200/ Te(eV).
This bell shaped distribution is similar to that of a blackbody

8t hc é @hc fo) U 4
U, = —= .expy -1, ergcm 7, 45
» T E % ket g 7Y (4.5)

whose spectral energy density for the same temperature however, is peaked at a shorter wavelength. In fact, in the
case of blackbody radiation, the above condition for maximum emission becomes hc/Ak T, » 5, and the

wavelength istherefore Ama(A) = 2500/ Te(eV). Moreover the total blackbody emission scalesas T* (Stefan's
law), while that of the Bremsstrahlung scalesas T* .
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4.1.2 - Recombination.

When afree electron is captured by a (Z +1)-fold ionised atom, leading to atransition to abound state of a Z -
fold ionised atom, a photon is emitted with an energy

hv:—lm\/2+E£1
2

where the first and the second termsin the right hand side of the equation represent the initia kinetic energy of the
electron and the energy of thefina atomic state, Z istheion charge and n the principal quantum number. Since
theinitial electron energies can take values over a continuum, the radiation is emitted in a continuum frequency
spectrum.  However the contribution of each transition to the continuum satisfies the condition hv 3 E;
(recombination edge), so that the continuum recombination spectrum is characterised by "jumps", corresponding
to different recombination stages. The spectral intensity of the recombination continuum can be expressed in
terms of that of the Bremsstrahlung one as follows

A @ZZEH hv 6

W =W;g .2X10 — -
? T¥ a_‘ n® enszTe KeT.o

ergsec 'cm *Hz'  (4.6)

where E, =13.6 eV is the Hydrogen ionisation energy. Note that, according to the above discussion, the
argument of the exponential is always negative. Similarly for the ratio of the spectrally integratedrecombination
and Bremsstrahlung intensities we find

¥
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According to this result, for low Z and/or high temperature plasmas Bremsstrahlung emission overcomes
recombination emission.

4.1.3 - Lines.

Transitions of bound electrons from excited to lower states of the ions in a plasma can give important
contribution to the emission of radiation. In particular, strong contribution comes from transitions to the ground
state (resonance lines). On the other hand, transitions between excited states, even though typically weaker, are
very useful for plasma diagnostic purposes because they escape from the plasma without substantial re-absorption.

The emission coefficient, that is, the specific power radiated per unit volume, solid angle and frequency interval,
corresponding to the transition from the upper state u to the lover state | is

gy = ggAm nuL(v- wvu;) ergem®sec* Hz s (4.8)

where n, isthe number density of ionsin the upper state, L(v -V ) isthe line shape function, v, isthe central
frequency of the transition between the two state of energy E,, and E, and
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4
Ay = = Bu, = - VR, sect (4.9)

is the spontaneous emission coefficient. A | and B, represent the probability per unit time of spontaneous and
induced emission respectively. le is the modulus squared of the matrix element of the electric dipole moment
evaluated between the two states.  Theline shape function L (v - Vy ) , describing the emitted spectrum close to the
central frequency v, ,, isanormalised function

u,l?

¥
(‘j_(v - vuyl)dv =1.
0

The energies of the levels and the A -values are intrinsic properties of the radiating ions or atoms and
tabulated values [56] have been obtained by quantum mechanics calculations and confirmed by indirect
measurements. In contrast, level populations and line shapes depend upon the physical conditions of the plasma
in which the radiating atoms or ions are embedded. In particular, populations are determined by the dynamical
balance of severa collisonal and radiative processesinside the plasma.

Three main physical processes determine the line shape: @) the finite radiative lifetime of the bound states
involved in the transition (natural broadening); b) the thermal motion of radiating atomic systems (Doppler
broadening); c) theinteraction of radiating systems with the rest of the plasma (pressure broadening). Natural line
broadening is determined by the sum of transition probabilities for all spontaneous transitions originating from
both upper and lower levels involved in the transition. In this case the line shape isa L orentzian

—_ LO
L (v - Vu,|)— é2(v ] VUI) - (4.10)
1+é Dy, H

where the characteristic width is determined by the mean lives of the two levels ¢, and <, according to the
following expression:

1 1
DVN = +
2nt 2Kty

(4.11)

In the non-relativigtic limit, the Doppler shift issimply given by

Dy = VoY
C )

where v, is the component of the velocity along the line of sight. For a Maxwellian distribution of electron
velocities the line shape is a gaussian:

L(v- vy)=L,expe ¢ 2L d, (4.12)
| e DV

where the FWHM depends upon the electron temperature T, and the atomic mass number A
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Pressure broadening is due to the interaction of the radiating systems with the other particles of the plasma.
For an interaction with a cross section o, the line shape is essentially a L orentzian and the FWHM is given by

1 ovgn
»

anp 21

Dv, » 2, (4.14)

where n, isthe number density of the perturbersand v, isthe relative velocity of theinteracting atomic systems.

The so called Stark broadening is the most important pressure broadening mechanismsin aplasma. It isdueto the
interaction of the radiating system with the microscopic electric fields produced by the surrounding particles.

In plasmas the natural line width is usually negligible compared with the widths due to Doppler and Stark
effects. In particular, Stark broadening becomes dominant at high plasma densities and for highly ionised species
like hydrogen-like ions. As discussed below, in the case of plasmas produced by high contrast, high intensity short
laser pulses, Stark broadening becomes an important diagnostic for density measurements [57]. On the other
hand, low density plasmas can also be investigated by means of pressure broadening if high-n state lines are used
[58, 59].

4.2. Radiation transport in plasmas.
4.2.1 - Basic definitions

Asagenera rule, amedium can absorb the radiation that it generates. In conditions of thermal equilibrium this
principle is expressed by the Kirchhoff's law that connects the emitting power of abody, i.e. the power radiated per
unit surface, solid angle and frequency, to its spectral absorptivity, namely the ratio of the absorbed monochromatic
power to the power impinging on the surface, viathe emitting power of the blackbody, that is an universal function
of temperature and frequency:

ev,T) =a(v,T)x>®(v,T) _

The hemispherical emitting power of a blackbody is related to its energy density u®(v,T), by the simple
relation:

A e ‘_1
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Theintengity of the radiation emitted by a plasma element of thickness dx per unit solid angleis
dl =& xdx- Ik xdx,
where € is the emission coefficient (due to free-free, free-bound and bound-bound emission) and k is the

effective absorption coefficient. The equation states that while radiation propagates in the plasma over a distance
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dx, its intensity increases by € dx due to emission processes and decreases by |k dx due to re-absorption
processes. The pervious equation can be rewritten in the following form

a_8  _s.
=g =Sl (4.15)

where dr = kdx and S isthe source function. In the case of thermodynamic equilibrium the source function is
related to the Planck function according to the following relation:

=== Sy (,T).
k 4p

The dimensionless quantity t isthe optical depth defined as

T = KX,
0

which takesinto account the opacity effects suffered by the radiation propagating in the plasma.

The integration of the radiative transport equation is not straightforward, because ¢ and k depend on time and
space co-ordinates in the plasma. The solution can be easily found in the smple and instructive case of a
stationary and uniform plasma. In fact, by integrating the equation we obtain:

169) :I(O)exp(-r)+%[1- exp(- )],

where | (0) isthe sourceterm at x = 0 which is zero if we consider the case of pure plasma self-emission.

4.2.2 - Limit approximations: thinand thick plasmas

Two important cases are the limits of negligible and very large optical depths. Thefirst case, i.e. T <<1,
corresponds to the so called condition of optically thin plasma. In this case the intensity is simply given by

I(x) @ x. (4.16)

In other words, the intensity of the radiation emitted by the plasma is proportional to the plasma thickness and to
the emission coefficient related to the different emission mechanisms (ff, fb, bb) activate inside the plasma.

The second case, i.e. T >>1, corresponds to the condition of an optically thick plasma. In this case the
radiated intensity does not depend upon the plasma thickness and the strong self-absorption deeply modifies the
original spectrum of the energy radiated by the plasma interior. In the condition of thermal equilibrium, the
spectral distribution of the radiated intensity approaches that of blackbody:

1(x) @E :4—(; U (v, ). (4.17)

From the previous considerations it follows that self-absorption in a plasma becomes important when <
approaches or is greater than the unity. We note however, that a plasma can be optically thick in some spectral
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regions while being thin in another regions. For the same reason self-absorption is more important for
frequencies close to the maximum than for the frequenciesin the tail of the line.

4.3. Equilibriain Laser Produced Plasmas.

In the typical conditions relevant to laser produced plasmas, the peak of the spectral self-emissivity of the
plasmafallsin the X-ray region. Much information on the physical properties of the plasma emitting region can be
gained from a spectroscopic analysis of this emission. However, due to the complexity of the physical system
under investigation, the analysis of experimental results is usually performed via comparison with numerical
simulations.

A smplified steady-state model of the plasmais often considered in the simulations and the spectral features of
the radiation emitted are studied as a function of a set of input plasma parameters including atomic number, ion
and electron temperature, electron density and plasma size. These parameters can be set according to the
experimental results or following the results of hydrodynamic simulations (see Chapter 2) and will, in turn,
provide further information on the plasma.

Thefirst issue to be addressed in the study of emission of radiation from a plasmaisthe kind of equilibrium to
be considered. The degree of interaction among the three plasma sub-systems, namely electrons, ions and
radiation, must be specified in order to determine the population of all available energy levels. Consequently, one
can determine the spectral distribution of radiation energy emitted via bound-bound, free-bound and free-free
transitions. Once the particular equilibrium is specified, the result of the numerical analysis of atomic physics
processes can be compared with the experimental results provided that radiation transport effects and, possibly,
time dependent effects are taken into account. In the following, a summary of the main results on plasmaequilibria
will be given with emphasis on the conditions to be fulfilled, in terms of density and temperature, for the various
types of equilibriato hold. Some criteriawhich alow the validity of a steady-state approximation to be tested, will
be aso given below.

4.3.1 - Thermal equilibrium (TE)

Although thiskind of equilibrium does not apply to laboratory plasmas and is only approached in stellar
interiors, it can be considered as areference condition in the limit of high plasma density. A plasmais said to be
in TE when electrons, ions and radiation are strongly coupled to each other and share the same temperature. The
populations Ny and N of twoionic bound levels, u and I, with statistical weights gu and g1 respectively, are

given by the Boltzmann equation

Nu gu @ DEuI 0
— = Hexps —2L - 4.18
N, ai Xpe kT @ ( )

where DEy, is the energy difference between the two levelsand T is the thermodynamic temperature of the
plasma. The population of ionisation statesis given by the Saha equation
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which givestheratio between the population densities of two contiguous ionisation states with charges Z and
Z +1, and dtatistical weights go(Z) and go(Z + 1) respectively. The subscript “o*“ refersto the ground state of
theionand, in TE, itis, by far, the most populated one; x 0(Z) istheionisation potential of the ion with charge Z ,
Ne isthe electron density, m is the electron mass and h is the Planck constant. Free electrons are distributed
among the available energy levels and their velocities follow the Maxwell distribution function fe given by Eq.4.1.
The number of electrons with velocities between v and v +dvis therefore given by the relation
dNyy+a = 4pfe V2 dv. Finally the spectral energy density of the radiation emitted by a plasmain TE is that of a
black-body and isgiven by Planck’'s formulagiven by Eqg.4.5. Thisformula, along with the equations givenabove
completely define the spectral properties of a plasmain thermal equilibrium. When TE is not satisfied, a new set
of equations will have to be derived.

4.3.2 - Local thermal equilibrium (LTE)

Themost important case of deviation from TE in a plasma consistsin arelatively weak coupling of radiation
with atoms and ions. If we assume that the populations of the available energy levels are entirely determined by
particle collisions, radiation processes being ineffective, then we obtain another type of equilibrium called local
thermal equilibrium (LTE). Also this equilibrium, in genera, is still too restrictive for laser produced plasmas to
hold but, in some cases, can provide a simple estimate of the spectral emissivity, particularly in short-pulse laser
produced plasmas where electron densities can be very high.

In an optically thin LTE condition, radiation can escape from the plasma and particle collisions by themselves
account for the population of theion energy levels. The main difference between LTE and TE is that radiation and
particles do not share the same temperature. However the equations givenin 8 4.3.1 are ill valid, provided that the
thermodynamic temperature, T isreplaced with the electron temperature, Te.

In contrast, the spectral properties of the radiation emitted by a plasmain LTE are now determined by bound-
bound transitions which give rise to line radiation, and by free-bound and free-free transitions both yielding
continuum radiation as discussed in § 4.1

As can be derived from the initial assumptions, LTE will be satisfied as long as collisional processes are
dominant over radiative ones, that is, the probability that an excited ion dacays due to spontaneous emission must
be much smaller than the probability of collisona decay. According to this condition, an operational criterion has
been derived [60] based of the following inequality between collisional de-excitation and spontaneous emission

Ne Ny X(Te,u,l) 3 10 ny Au,l, (420)

where X (Te,u, 1) = (Gu,l Ve) is the electron de-excitation coefficient for atransition from an upper level, u, toa
lowerlevel, |, that depends upon the cross section oy, and is averaged over al possible electronvelocities,ve.
Using a Maxwellian distribution, one finds the condition on the electron density for an optically thin plasmain
order for LTE to hold
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where the transition energy, DEy,1 and the electron temperature, T. are expressed in eV. According to this
condition, in a plasmawith given electron density and temperature, there is a maximum energy gap below which
LTE holdsfor agiven transition. For example, in a plasma with an electron density of 1021 cnr3 and an electron
temperature of 500 eV, the maximum b-b transition energy for which LTE is satisfied is approximately 65 €V. In
contrast, a b-b trangition of 2 keV, typical of K-shell emission from H-like Al ions, can be considered in LTE if
ne >3 10%®° cm 3, i.e at densities well above the Al solid density.

If the plasmais optically thick, i.e. if radiation is coupled to ions and electrons, this criterion may be relaxed to
lower densities. Infact, opacity effects give rise to radiative excitation which tends to balance radiative decay,
making collisional processes effectively responsible for de-excitation. However, the condition given above should
still be regarded as a necessary, but not sufficient condition for aplasmato bein LTE.

4.3.3 - Non-LTE plasmas

In a plasma where the condition given above for LTE is not fulfilled, radiative processes are expected to play an
important role in determining the population of the available energy states. In the general case al the possible
electron processes will haveto be taken into account and the populations of the levels will now depend upon
atomic cross-sections. However, as these processes depend differently upon the electron density, one can expect
that, in particular conditions, some of them will be more efficient than others, leading to asubstantial simplification
of the problem. If we assume that the plasmais optically thin, ion excitation and ionisation will be supported by
collisional processes. A question arises on how these processes are balanced, i.e. which of the possible
de-excitation and recombination processes will have to be considered. In general, when the density is not high
enough to ensure LTE, al inverse processes will contribute to de-excitation and recombination. On the other hand,
if the density is sufficiently low, all collisional processes will become inefficient and only radiative de-excitation
and recombination processes will have to be considered. In thislast case the problem can be simplified leading to
the so called coronal model.

4.3.4 - Coronal equilibrium (CE)

In this case collisional excitation and ionisation are balanced respectively by radiative de-excitation and
recombination. By comparing the ionisation and recombination rates one obtains the basic equation which governs
ionisation processes in the coronal equilibrium

Ne N(Z)S(Te, Z,0) = NeN(Z +1) afm(Te, Z +1, 0), (4.22)

where S(Te, Z, 0) is the collisional ionisation coefficient and ab (Te, Z +1,0) is the radiative recombination
coefficient. The above equation leads to the important result that, in a corona plasma, the population of the
ionisation states does not depend upon the electron density and is given by
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(4.23)

Once again it is assumed that most of the ions are in their ground state, o, and therefore both the ion
populations and the coefficients are relative to the ground level. Also, it is assumed that electrons have a
Maxwellian velocity distribution with a characteristic temperature, Te.

The condition on the el ectron density, for corona equilibrium to hold, can be derived from the basic assumption
that collisional de-excitation and recombination processes must beinefficient when compared with the radiative
processes. Neverthelessit can be shown that, for a given density, thereis always aquantum number, above which,
this condition is not fulfilled. Therefore one must define a further condition, from an operative point of view,
according to experimental criteria. For the purpose of diagnosing He-like and H-like plasmas, one is usually
concerned with the evaluation of spectral lineintensitiesrelative to transitions on the ground state from excited
levelstypicaly upto ny = 6, corresponding to the so called o, b, g, dande line (see 8 5.1.1). Assuming this
level asthe upper limit for which the coronal equilibrium condition isto be fulfilled, a quantitative evaluation of the
criterion for hydrogen-likeionsto bein coronal equilibrium is[60].

Z+1)7%6
ne£6° 10°(z +1)° T2 expg(TT)i cm’® (4.24)

where Z istheion charge and Te is the electron temperature in €V. In this case, the sum over the spontaneous
emission coefficients was performed using tabulated values for hydrogen.  Fig.4.1 shows the dependence of the
maximum electron density for which the above condition is satisfied, for hydrogen-like ions from He to Cu. The
curve for the hydrogen-like He indicates that, for this plasma species, the electron density must be less than
1014 cnmr3for corona equilibrium to hold. In contrast, due to the strong dependence of the density limit upon the
Z number of the species involved, hydrogen-like Al plasmas at electron densities up to approximately
5" 108 cm™3 can be considered in coronal equilibrium. This is a special case of particular interest in the study
of laser produced plasmas as those described in the following chapters. For example, plasmas produced by laser
irradiation of athin Al target, after afew hundreds of picoseconds, reach the conditions of density and temperature
given by Fig.4.1 and can, therefore, be described by using the coronal approximation. In fact, it has been shown
[61] that an Al plasmain coronal equilibrium becomes hydrogenic at approximately Te » 1 keV.
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Fig.4.1 Dependence of the maximum electron density for which the condition for coronal equilibrium is satisfied. The density
has been evaluated for hydrogen-like ions from Fluorine to Silicon and for Copper. The thicker solid curve has been calculated for
hydrogen-like He and the corresponding density axisis given on the vertical axisin the RHS.

The curve relative to hydrogenic Cu should only be considered as indicative for the very high temperaturelimit.
In fact, the electron temperature required for hydrogen-like Cu to be the dominant ion species is [61]
approximately Te » 13 keV , whereas the dominant species at 1 keV isthe Cu XXVI, that is Be-like Cu.

4.3.5 - Collisional-radiative equilibrium (CRE)

If the electron density is neither low enough to satisfy the corona equilibrium condition, nor high enough for
LTE, then we are in the case where both radiative and collisional decay must be taken into account [62]. This so
caled collisional-radiative equilibrium can be studied by numerical simulation and is briefly discussed in the next
section.

4.4. Atomic physics: temporal scale and related calculations

On the hypothesis of optically thin plasmas, among all the possible transition processes only radiative
excitation and ionisation can be neglected. The electrons still have a Maxwellian distribution. In the general case,
arate equation must be written for each bound level, taking into account all possible transitions, from and to this
level. Aninfinite set of equationsis obtained that would be impossible to solve unless some approximations could
be made. Thetypica approach isto set, from caseto case, an upper limit to the number of levels to be considered
as the population of higher levels becomes very small and eventually can be neglected, without any substantial
error being generated.

In addition, as already observed, above some high quantum number level, collisional processes dominate over
radiative ones, leading to LTE conditions. Once the truncation is operated, afinite set of equations is obtained
which can be solved numerically using the available data-base on transition rate coefficients.

This approach has been implemented in atomic physics codes like RATION [63] and examples of calculated
spectra and line intensity ratios will be given in the following section and compared to experimental spectra
obtained in different interaction conditions.

4.4.1 - Limits of the steady-state approximation

To calculate the plasma emission spectrum at a given time during the interaction process using a steady state
atomic physics simulation code, plasma parameters including electron density and temperature at the time of
interest are used asinput parameters. Therefore, the temporal evolution of the X-ray emission is ssmply obtained
by the evolution of hydrodynamic parameters. In the genera situation, however, plasma hydrodynamic
conditions may change on atime-scale fast compared to the typical time-scale of atomic processes. In this case, the
population of excited and ionised states are not in equilibrium, therefore the steady state approximation is no
longer valid, and time-dependent rate equations will have to be solved.

We observe that, although both ionisation and excitation and their inverse processes, play arole in determining
the response time of the atomic processes, a quantitative analysis of the transition rates shows that excitation and
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de-excitation processes are in genera faster than ionisation and recombination processes. Therefore, excited states
of agivenion can be considered, in most cases, in equilibrium with the corresponding ground state.

An estimate of the relaxation time of ionisation processes can be obtained assuming a two level system in
which transitions take place from one level to the other. The solution of the rate equation is characterised by an
initial transient phase, during which the populations of the two levels relax to the equilibrium condition, with atime

constant approximately given by
1

T = _ 4.25
Ne(S+ asp + afb) (4-25)

where S and as, arethe collisional ionisation rate and the rate of the inverse process (three body recombination),
while as, isthe radiative recombination rate. The relaxation time given by Eq.4.25 has been evaluated using semi-
analytical expressions [64] of the transition rates for the typical case of plasmas produced by laser irradiation of
targets consisting of medium-low atomic number elements including Aluminium, Oxygen and Carbon at various
ionisation stages from Be-like to H-like ions.

4.4.2 - Transient ionisation in Al plasmas

Fig.4.2 shows the relaxation time for Aluminium ions as a function of the electron temperature and for a
density of 1021 cn3, which isthe critical density for 1um laser light, typical of solid state, high power lasers. The
density of interest here is the critical density since most of the X-ray radiation emitted by the plasma originates
from aregion close to the critical layer. The plots of Fig.4.2 show a dramatic increase in the relaxation time from
He-like to H-like Al, compared to ionisation from Be-like to Li-like and from Li-like to He-like. Thisis mainly
due to the large increase of the ionisation energy of He-like ionsinvolving the tightly bound K-shell electrons.
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Fig.4.2. Relaxation times of ionisation for Aluminium ions from Be-like to H-like as a function of the electron temperature for
adensity of 1” 1021cm3.

According to this plot, the time taken by a plasma with an electron density of 1021cn3, to achieveequilibrium
between Li-like ion and He-like ions is of the order of several hundred picoseconds. Fig.4.3 shows a plot
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analogous to that of Fig.4.2, but obtained at a density of 1.5 1022 cnr3, which isthe critical density at the fourth
harmonic (I =0.25 um) of the Neodymium laser.
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Fig.4.3. Relaxation times of ionisation for Aluminium ions from Be-like to H-like as a function of the electron temperature for
adensity of 1.5" 1022cm3.

Relaxation to He-like Al ions is now reduced to afew tens of picoseconds or less, mainly as a consequence of
the scaling of the time constant with the electron density given by Eq.4.25. A steady state modelling is therefore
expected to provide an accurate description of X-ray radiation emitted during plasma formation by nanosecond
laser pulses at a wavelength of 0.25 pum. In contrast, in the lower density case of Fig.4.2, that is, in the case of
1 um laser light, more restrictive conditions are established. According to Fig.4.2, He-like and H-like X-ray
emission during nanosecond plasma formation should be considered in a transient regime. On the other hand, it
should be noted that this analysis includes collisional ionisation, three-body and radiative recombination only.
Although these are the most important processes, other processes including, for example, charge-exchange
recombination, can contribute to a faster relaxation.

4.4.3 - Transient ionisation in low-Z plasmas

In the case of Oxygen and Carbon plasmas, equilibrium is established on a picosecond time-scale or, asin the
higher density case, on a sub-picosecond time-scale. Fig.4.4 and Fig.4.5 show the relaxation time from He-like to
H-like ions for these two atomic species, as calculated according to Eq.4.25. for the two values of the electron
density considered above. The corresponding curve relative to the Al plasmais also shown for comparison.
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Fig.4.4. Relaxation times of ionisation for Carbon, Oxygen and Aluminium ions from He-like to H-like as a function of the
electron temperature for adensity of 1.0° 1021 cm3.
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Fig.4.5. Relaxation times of ionisation for Carbon, Oxygen and Aluminium ions from He-like to H-like as a function of the
electron temperature for a density of 1.5 1022cm3.

Although a detailed analysisisrequired, for the particular experimental conditions under investigation from case
to case, agenera conclusion on the validity of a steady-state model can be formulated on the basis of the results
obtained so far and for the particular plasma species considered. The use of medium Z elements, like
Aluminium, sets a lower limit on the electron density at which processes involving He-like and H-like ionisation
states can be regarded as stationary on a given time scale. In the conditions of laser-produced plasmas using
nanosecond pulses, this relaxation time can be as high as several hundred picoseconds. In the case of low Z
elements, (Z<10), plasmas with an electron density above 1021 cnr3 can be considered stationary on a picosecond
time-scale. These circumstances will play acrucia rolein the temporal evolution of the X-ray emission.

4.5. Characteristics of laser-plasma X-ray sour ces.

A laser-plasma X-ray source is generated by focusing a high power laser pulse onto the surface of a target
placed in a vacuum. A schematic view of the interaction is given in Fig.4.6 for typica laser and plasma
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parameters. Laser pulse durations can range between a few tens of femtoseconds and tens of nanoseconds with
energies ranging from afew mJto tens of kJ with focused pulse intensities up to 1020 W/cm2. However, useful
X-ray sources for applications can be driven at laser intensities on target as low as 1012 W/cm2 easily achievable
by laser systems running in a Q-switch configuration and amplification of the pulse at the 100mJlevel.

high density plasma
T»100eV

focusing
optics

laser beam
1013-1014 w/cm?2

low density plasma
T » 1keV particles <«

Fig.4.6. Schematic representation of alaser produced plasma X-ray source. The laser beam is focused on a massive target and
produces a high density plasma from which X-rays and particles are emitted. The low density, hot plasma blow-off is also shown
which expands in the vacuum towards the laser beam (not to scale).

For each incident laser pulse an X-ray pulse is emitted, into the 4p solid angle with the angular distribution
weakly peaked on the target axis. When solid massive targets are used, the X-ray radiation emitted forward is
absorbed by the target. Therefore, the angular distribution of the outcoming radiation is physically limited to the
solid angle not obstructed by the target. The duration of the X-ray pulse is roughly the same as that of the
impinging laser pulse. Quasi-CW X-ray sources can be obtained by focusing high repetition rate pulsed lasers
onto suitably designed targets as described in § 6.1.3.

In the case of interaction of nanosecond laser pulses focused on target at moderate intensities, say below 1015
W/cm?, the leading edge of the focused laser pulse vaporises and ionises the matter at the target surface layer. An
expanding plasma is created, which strongly absorbs the remainder of the laser pulse, so that the plasma
temperature rises to »0.1-1keV. The heat, transported trough the plasma, vaporises and ablates more target
material. This new produced plasma ensures a steady flow from the ablation front that compensates the loss of
matter due to hydrodynamic expansion. A highly inhomogeneous plasma is produced whose density increases
approaching the target with a scalelength of the order of several hundred micrometers. On atime scale of »100ps
asteady state plasma flow is established, which lasts for the entire duration of the laser pulse. The peak of X-ray
emissivity is located in the plasma region which combines both high temperature and high electron density,
typically just beyond the critical density surface where electron conduction ensures efficient energy transport.

4.5.1 - Spectral distribution.

Laser produced plasmas can be regarded as potential sources of blackbody radiation [65]. In fact, for typical
temperatures of hundreds of €lectronvolts, avery wide spectrum is emitted, ranging from the infrared to the X-ray
region. However, a detailed analysis of the properties shows several important differences.  First of all a
blackbody is aphysical system at thermal equilibrium, radiating in a pure continuum spectrum while, as discussed
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in Sect.4.3, laser produced plasmas are typically far from thermodynamic equilibrium, radiating in acontinuum as
well as adiscrete spectrum. Fig.4.7 shows atypical radiation spectrum from alaser produced plasma compared to
that of a blackbody at the same temperature [66]. It can be see that for longer wavelengths the plasma emission
approaches that of a blackbody, as a consequence of increasing re-absorption (inverse bremsstrahlung) that scale
as \°. Further, a comparison of the emission from a laser plasma source and a blackbody shows that plasma
emission peaks at wavelengths typicaly lower than in the case of blackbody radiation. In fact, plasma
Bremsstrahlung continuum emission peaks at a wavelengths »2.5 times longer than for the blackbody spectral
distribution (see §4.1.1).
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[66]Fi g.4.7. Schematic radiation spectrum from a laser produced plasma compared to that of a blackbody at the same temperature

As discussed in detail in 8§ 4.1.2, additional contribution to plasma emission is given by electron-ion
recombinationprocesses. The recombination process gives rise to a continuum emission at photon energies
greater than the ionisation energy of the recombining ion. Consequently, in a plasmawhere two or more ionisation
stages exist simultaneously, the spectral emissivity is characterised by characteristic "jumps’ corresponding to the
different ionisation energies, the so called "recombination edges'.

The discrete components in the plasma el ectromagnetic emission are due to electron transitions between bound
states (see 8 4.1.3). Trangitions of excited ions to the ground state produce the so called resonance lines that are of
particular interest in plasma characterisation due to the sensitivity of their relative intensity to the electron
temperature. Line emission may also originate from doubly excited states of ions. These lines are less intense
than the resonance lines and occur at sightly longer wavelength. Their sensitivity to the plasma electron density
makes them a primary source of information when the plasma density has to be inferred from X-ray spectroscopic
measurements.

When target material of medium-high atomic number (Z) is used, recombination continuum and line emission
carry most of the outgoing radiation energy. Asan example, in the case of an Al target irradiated by 3ns pulses at
0.35 um wavelength (third harmonics of Nd:Glass laser) at an intensity of 1014W/cm2, 30% of the radiated energy
is emitted as lines, 60% as recombination continuum and 10% as Bremsstrahlung [67]. The X-ray spectrum
calculated in these conditionsin the range from 10 eV to 10 keV isshownin Fig.4.8.
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Fig.4.8. Calculated X-ray spectrum from laser heated Al target irradiated at intensities of 1013 and 1014 W/cm? [67].

By changing the atomic number (Z) it is possible to control the spectral properties of laser-plasma X-ray
sources. Fig.4.9 shows X-ray spectraof the radiation emitted by plasmas produced by different Z targets over a
wide spectral range. The contribution of the different bandsis clearly visible. The detailed structure of K-shell line
emission as that shown in Fig.4.8 is not resolved due to the resolution of the wide spectral range of the
spectrometer [68].
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Fig.4.9. Wide spectra range (low resolution) X-ray spectrafrom plasmas produced by laser irradiation of various Z targets. The
intensity of the 0.53um laser beam was 3" 1013 W/cm?2 and the pulse duration was 3 ns [68]. The spectroscopic structure K, L, M, N,
and O refer to the shells from which the emission arises.

By using very low Z targets (plastics) a plasma is produced in which bare (fully stripped) ions are the
dominant. The radiation emitted by such akind of plasmasis almost free from line emission, and the continuum
is mainly due to Bremsstrahlung emission. For medium values of Z (Z £20), the plasma produced is
predominantly populated by Hydrogen-like through Be-likeions. In these conditions a single line can carry a
significant fraction (afew %) of the total X-ray emission energy between 0.5to 10KeV. Due to the sharpness of
emission lines (Dn/n »100), their intensity can overcome continuum emission (for the values of Z considered
above the recombination overcomes the Bremsstrahlung) by several orders of magnitude. Medium Z X-ray
sources are fruitfully used in spectroscopic applications where bright line-emitters are required.

When high Z targets (Z2 20) are used, the plasma s populated by ions with several bound electrons. The
resulting X-ray spectrum is dominated by a complex many-electron lineemission. The density of emission lines
in the spectrum is so large that they merge giving an effective band of a quasi continuum emission which can be
hardly resolved even if high resolution spectrographs are used.

We can see that targets with very low Z values, aswell aswith high Z values basically produce continuum X-ray
emission. However the conversion efficiency of laser energy into X-ray radiation energy increases with Z.  So,
high Z targets are preferred as band emitters, when back-lighting sources are required as in the case of absorption
spectroscopy .
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4.5.2 - X-ray pulse duration.

Typically,the X-ray pulse duration is comparable with that of the laser pulse producing the plasma. In
particular, the rise time of the X-ray emission is mainly determined by the characteristic time needed to heat the
plasma while the time-scale of plasma cooling sets the fall time of the emission. The main sources of plasma
cooling are plasma expansion and radiation emission. With an appropriate choice of target geometry and material,
and interaction conditions, the X-ray pulse duration can be substantially reduced. In particular, the use of mass
limited targets like thin foils, can ensure that a more efficient cooling occurs due to a more rapid plasma expansion
[69, 70].

In the case of plasmas produced by very short laser pulses the duration of X-ray emission may be substantially
longer than that of the laser pulse. When a plasma is generated by using a laser pulse of »1psduration, X-ray
pulses of up to 20 ps duration at photon energy hn »100eV can be generated [71]. Ultrashort X-ray pulses have
been achieved by using fs laser pulses focused onto solid targets. Fig.4.10 shows the result [72] of streak-camera
(see 8 5.1.2) measurements carried out on the X-ray emission from plasmas produced by laser irradiation of
silicon targets with 160fs laser pulses focused at an intensity of 106 W/cm2. The X-ray pulse duration was found
to be approximately 2ps and was obtained from the deconvolution of the streak-camera signal by using the camera
response function generated by a 500 fs UV pulse.

Intensi

Time (psec)

Fig.4.10 Streak-camera measurement of the soft X-ray emission from plasmas produced by laser irradiation of a massive silicon
target with 160 fs laser pulses at an intensity of 1016 W/cm2. The actual duration of the X-ray pulse (after de-convolution based upon
the streak-camera response to the 500fs UV calibration pulse) was estimated to be approximately 2 ps[72].

On the other hand the duration of the X-ray emission varies with the considered spectral range. Keeping
congtant all the physical conditions, the higher the energy of the photons considered the shorter is the duration of
the X-ray emission. In fact, higher energy X-rays photons are typically produced by higher plasma temperature
regions, which, of course, have ashorter life. Asan example we consider two experiment in which 25ns KrF laser
pulses were used. In the first experiment [ 73] the detection spectral range was at 15eVEhN£73eV and the laser
pulse was focused on an Au target at an intensity of 1012W/cm?2. In this case the half-width of the X-ray pulse
was »40ns, which is nearly afactor two longer than the laser pulse. 1n the second experiment [74] the detection
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spectral range was at hn»1KeV and the laser pulses were focused on a Cu target at an intensity of 1014W/cm2. In
this case the half-width of the X-ray pulse is only »5ns, which is much shorter than the laser pulse duration.
Similar behaviour is expected in the case of ultra-short laser pulses. Fig.4.11 shows the calculated temporal
evolution of the total X-ray emission compared to the emission for photon energies > 1keV in the case of
interaction of a 100fs laser pulse with asilicon taraet [75].
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Fig.4.11 Calculated temporal evolution of (a) the total X-ray emission and (b) the emission for photon energies > 1keV, from a
plasma produced by the interaction of a 100fs laser pulse with a silicon target [75].

Another important factor that can affect the duration of X-ray emission at a high photon energies is the
occurrence of laser plasma coupling mechanisms like resonance absorption or two plasmon decay (see Sect.3.1-2),
that give rise to transfer of energy from the laser em. wave in the form of longitudinal electron plasma waves.
These waves, due to collisionless damping mechanisms, can produce significant changes in the electron energy
distribution function producing a population of "hot electrons” (see 83.2.6), i.e. electrons with high kinetic energy,
which is much larger than the corresponding Maxwellian population. Due to bremsstrahlung emission process,
these electrons may generate intense fluxes of high energy photons, large compared to the flux produced by the
same process in a Maxwellian plasma with the same background electron temperature. In this case, the dynamics
of the emission processisrelated by the history of the laser pulse that acts as an external driving force. Therefore,
in contrast with thermal X-rayswhose history is dominated by the evolution of the plasma, the duration of X-ray
emission at higher photon energies is expected to be comparable with or shorter than the laser pul se duration.

4.5.3 - Source size and angular distribution

The plasma plume that develops after laser irradiation of a planar target with a circular focal spot exhibits a
cylindrical symmetry about an axis perpendicular to the target surface and centred in the spot. The preferential
expansion direction does not depend upon the angle of incidence, which isusually set to be different from normal
incidence to avoid detrimental back-reflectionsinto the laser system. In addition, for laser pulse durations shorter
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than the characteristic times of the plasma hydrodynamic expansion, the X-ray source size is determined by the
size of the laser focal spot. In these conditions the plasma emitting volume can be very small: amost a point
source, afew micrometerswide.

For laser pulse durations shorter than the typical hydrodynamic expansion times, the X-ray source shows a
cylindrical shape, whose diameter is of the order of the focal spot size, while the length is roughly given by the
product cst, where cs is the sound speed (see Eq.2.3) in the plasma and t is the laser pulse duration. For even
longer laser pulse durations, the X-ray source shows the typical "cigar shaped"”, whose longitudinal and transversal
dimensions depend on heat transport and matter ablation mechanisms.

The measured X-ray source size strongly depends upon the spectral window of the imaging system, which
typicaly consists of a pin-hole camera (see 8 5.4). One finds that the source size decreases when harder X-rays
are selected since the plasma region where hotter plasmais generated is smaller . The effect of different filtering
conditions on the X-ray image of alaser-plasmais described by Fig.4.12. which shows X-ray images of aplasma
taken by using a4-channel pin-hole camera as described in § 5.4.1-2.

Be + 8 um Cu Be + 3 um Al

Be + Al + Cu

Fig.4.12. X-ray images of aplasma produced by irradiating a solid target with a 10 ps laser pulse focused in a »25 um diameter
spot at an intensity of 3.6 1016 W/cm2. The images have been obtained simultaneously from a single interaction event using a pin-
hole camera fitted with a4-pin-hole array as described in § 5.4.1-2. Different spectral windows were selected for each channel by using
differet filters asindicated [ 76].

A detailed discussion of spectral selection effects is given in 8 5.4.2. Here we only observe the dramatic
reduction of the X-ray source size from the »90 um of the Be filtered image to the »30 um of the image
additionally filtered with Al and Cu (see also Fig.5.19).

The angular distribution of X-ray emission from laser produced plasmas shows a cylindrical symmetry, whose
axisis orthogonal to the target surface, regardless of the angle of incidence of the laser beam. Experimentally the
angular distribution of X-ray emission isfound (see[77] and references therein) to fit the function

1, (0) =1, (cog6])", (4.26)
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where 6 isthe angle with respect to the surface normal, A is the X-ray wavelength and n is a parameter that
ranges, according to the particular experimental conditions, from »0.3 to » 3.

4.5.4 - X-ray conversion efficiency.

The X-ray conversion efficiency, i.e. the efficiency of conversion of laser energy into X-ray energy, depends
strongly upon the target atomic number (Z) and the laser parameters. Experiments performed using targets of
different atomic numbers have shown that the X-ray conversion efficiency varies strongly as a consequence of the
atomic shell structure. The plot of Fig.4.13 shows the yield of X-rays between 0.7 and 20 keV emitted by laser-
irradiated targets as a function of the atomic number Z [78].
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Fig.4.13 Yied of x-ray emission between 0.7 keV and 20 keV as a function of the atomic number of the irradiated target.
Maxima of emission are measured when the atomic configuration is optimum for the excitation of resonance lines from K-, L- and M-
shells[78].

The plasma was generated by 8ns Nd:Glass laser pulses focused in a 100um diameter focal spot at an
intensity of 4° 1013 W/cm?. Fig.4.13 shows that the emission exhibits four maxima as the atomic number of the
target is progressively increased from Z=4 (Beryllium) through to Z=92 (Uranium). The physical reason of this
characteristic behaviour is that, as the Z of the target increases for fixed interaction conditions, the atomic
configuration is optimum for the generation of resonance line emission from the K-, L-, M- and N-shells. In
general, the behaviour of the X-ray yield as afunction of the atomic number depends upon the considered spectral
range because the contribution of resonance emission from different shellsliesin different regions of the spectrum
for different atomic numbers. Thisisevident from the plots of Fig.4.9 and is more clearly described by the plot of
Fig.4.14.
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Fig.4.14 Spectra position of plasma emission from different shells as a function of the atomic number. Experimental results
(horizontal bars) are compared with cal culations (shaded regions) [79].

According to thisfigure, the atomic number at which maximum emission occurs is a function of the observed
spectral range [79]. In fact, the spectral range characteristic of some shell emission (for example L-shell
emission), depends on the atomic number of thetarget. Thereforeit ispossible to "tune" the X-ray emission from
laser-produced plasmas by choosing the atomic number of the target. Clearly, the laser intensity must be high
enough to reach a plasma temperature suitable to excite the considered shell emission.

Several experiment have been performed to investigate the dependence of X-ray conversion efficiency upon
laser wavelength. Shorter wavelengths were found [80] to couple more favourably with the target, due to the
higher absorption and the smaller fraction of the absorbed energy lost to excite fast electrons as shown in
Fig.4.15.
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Fig.4.15. Dependence of X-ray conversion efficiency as a function of the laser wavelength for different photon spectral ranges.
The plasmawas produced by irradiating Au targets with the fundamental (1.05um), the frequency doubled (0.53 pm) and the frequency
quadrupled (0.26um) of Nd laser light at an intensity of 7° 1013 W/cm?2 [80].

In fact shorter wavelength laser light can penetrate in denser plasma regions (see 8 3.1), where collisional
absorption is more efficient and where collisional excitation of ions gives higher X-ray yield. The first clear
demonstration of the advantages of using short wavelengths to generate X-ray radiation from laser produced
plasma was given in an important experiment [81]. In that experiment the X-ray conversion efficiency of the
fundamental (I =1.06mm) and 3rd harmonic (I =0.35mm) of a Nd laser were compared.  The conversion
efficiency of UV laser radiation was found to be ten times higher than that of IR laser light.

Another important experimental parameter that can influence X-ray conversion efficiency isthe laser intensity.
In fact, the laser intensity on target determines the plasmatemperature (T 19-9), which in turn determines the
degree of ionisation and the efficiency of excitation of the different ion species. Fig.4.16 shows the conversion
efficiency versus laser intensity on target for Cu and Au targets in two different detection spectral ranges (0.1 -
0.75 keV and 0.75 - 2keV) for a0.26 um laser wavelength and 0.5 ns pulse duration [82].
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Fig.4.16. Conversion efficiency as a function of laser irradiance on target for Cu and Au targets in two different detection
spectral ranges (0.1 - 0.75 keV and 0.75 - 2keV). The laser pulse duration was 0.5 ns and the laser wavelength was 0.26 um [82].

In the case of the low energy spectral window, the efficiency remains almost constant around »30% for Au and
»50% for Cu up to an intensity of 1012 W/cmz2. The high energy spectral window shows a different behaviour. In
particular, in the case of the Cu target, the conversion efficiency increases above 1012 W/cmz, due to the excitation
of the Cu L-shell emission [82, 83]. For further increase of the laser intensity (above 1016 W/cm?2 ) the conversion
efficiency tends to reduce due to aless efficient absorption of laser light (see Sect.3.1).

From the point of view of laser pulse-length it has been shown that [84] the conversion efficiency decreases
considerably when going from the nanosecond regime to the picosecond regime as shown in Fig.17. Thisis due
to reduction of the absorbed laser energy with a consequent less efficient conversion of the absorbed energy into
X-rays.

In fact, in the nanosecond regime the laser energy is almost completely absorbed by the long scalelength plasma
produced in this regime [85, 86] due to efficient collisional absorption, provided that the laser intensity is not too
high (see § 3.1.1). In contrast, in the case of picosecond pulses the plasma density scalelength reduces
dramatically [87] and therefore collisional absorption becomes ineffective. On the other hand, the efficiency of
resonance absorption (8 3.1.3) which becomes the dominant absorption mechanism is limited to approximately
50% in conditions of optimum matching of polarisation and angle of incidence.
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Fig.4.17. Conversion efficiency of line emission from Cu L-shell versus incident laser intensity for two different laser pulse
durations. The solid lines are cal culations from numerical simulations [84].

Finally we observe that laser focusing conditions on target have to be controlled accurately in order to maximise
the X-ray conversion efficiency. Itiswell known that the intensity of the X-ray emission from laser-produced
plasmas depends strongly upon the laser focusing configuration on target. The X-ray flux can be maximised by
scanning the target position along the beam axis, in the proximity of the nominal focal position. Fig.4.18 shows
the results of an experiment carried out by focusing a3ns, Nd laser with an /8 optics [88, 89]. The plot on the
left shows the dependence of the X-ray emission as afunction of the position of the target surface with respect to
the laser beam focal plane. The maximum of the X-ray conversion efficiency is found with the target displaced by
0.5mm with respect to the position of the beam waist, in the direction of the propagation of the laser light. Such a
position of maximum X-ray yield is characterised by a more than quadratic dependence of the X-ray yield upon
laser intensity and by alarge shot by shot variability as shown in the plot on the right.
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Fig.4.18. X-ray emission intensity as a function of the position of the target with respect to the focal plane (left) and as a
function of the laser intensity on target with the target in the position of maximum X-ray emission (x=0.5mm) and in a marginal
position (2.5mm) [88].

This behaviour has been explained [20] by taking into account the effect of filamentation (see § 3.4) on local
plasma conditions. In fact, when the target is in the optimum position, the laser beam waist lies in the plasma
blow-off. In this particular configuration, the plasma can contribute to further focus the laser light due to the
filamentation ingtability, thus enhancing X-ray emission. The variability of the X-ray yield would be, in this case, a
consequence of the non linear character of the filamentation instability. On the other hand, when the target is
located in a position where filamentation is not favoured by geometrical effects, the X-ray yield, though lower,
becomes much more reproducible from shot to shot and increases linearly with the intensity [88]. It is interesting
to observe that measurements of second harmonic emission intensity versus target position and laser intensity,
performed in similar experimental conditions [27] showed a similar behaviour. Very recent measurements [90]
based upon second harmonic and X-ray imaging of laser produced plasmas have shown that these emissions are
strongly correlated. In this experiment, the X-ray conversion efficiency was found to be maximum in conditions
of strong filamentation. Despite the occurrence of filamentation, the X-ray source remains uniform, due to thermal
smoothing acting in the plasma region between the laser energy deposition and the X-ray emitting layers.

4.6. X-ray emission in ultra-short pulse interactions
4.6.1 - Femtosecond X-ray sources

The duration of X-ray pulses is a key parameter in their application to the analysis of rapidly evolving
phenomena. Typica examples are the investigation on rapidly expanding plasmas, the propagation of shock wave
in solids, the study of microscopic living cells and so on. Alternative techniques arebeinginvestigated world-wide
to achieve ultrashort X-ray pulses by combining fs laser technology and synchrotron radiation sources [91].

As soon as ultra short laser pulses became available, it was clear that sub-picosecond pulses of X-ray radiation
could be generated [92] during the interaction of short, intense laser pulses with matter. Later, [93, 94], hard X-
ray radiation was also found to be generated. Recently, several experiments [95, 96] have been devoted to the
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study of ultra-fast X-ray emission from laser-plasmas. The interaction of high power femtosecond laser pulses
with matter is now established as a powerful technique of generating short intense X-ray pulses with photon
energies extending from a few hundreds of electronvolts to the MeV region [53]. Very recently, generation of
coherent X-ray radiation in the water window has been reported [97] in the interaction of 5 fs laser pulses with a
helium gasjet.

Asdiscussed in Chapter 3, collisional absorption mechanisms are inefficient at the intensities considered here. In
fact, analytical studies and numerical simulations show that in this regime collisionless processes including
resonance absorption [98], vacuum hesating [16] and anomalous skin-layer heating [99] play a key role in the
absorption of laser energy by the target. It has been shown that these absorption processes lead to non-thermal
electron distribution functions. In particular, high intensity, ultra-short laser heating gives rise to the production of
a substantial fraction of highly energetic electrons and a relatively cold background plasma. Energetic electrons
giverise, viacollisons with ions (bremsstrahlung), to emission of high energy (up to the MeV region) photons in
a continuum spectrum while the background plasma accounts for keV or sub-keV line or continuum emission.

Asdiscussed in detail in 8§ 4.1-3, X-ray photons are emitted either by radiative de-excitation and recombination
processes or by electron-ion collisions (bremsstrahlung). In particular, the duration of the X-ray pulses depends
upon the transient properties of these radiative relaxation processes and upon the lifetime of energetic electrons
produced during the laser-matter interaction process. On the other hand, the properties of the radiation also
depend upon the type of target used. Mass limited targets consisting of very thin foils, in contrast with thick
(massive) targets, give significant advantages in the production of short X-ray pulses. Advanced numerical
simulations and analytical scaling laws devel oped for femtosecond laser interaction with either massive or thin foils
targets[69] consistently predict significantly shorter X-ray pulses. In particular, X-ray pulse lengths comparable
to the laser pulse length are predicted when thin targets are used in combination with high Z material. In this case
thetarget is considered thin when it is completely heated by the thermal wave during the laser pulse.

According to smple considerations on the propagation of thermal heat waves, it can be calculated that the heat
penetration depth of absorbed laser energy in 100 fsis of the order of 500 A [69]. The condition for a rapid fall
of the X-ray emission isthat the radiation mean free path be much greater than the plasma scalelength. In the case
of thin targets, once laser energy is absorbed, the foil explodes immediately, its density rapidly drops and the
radiation mean free path soon becomes much greater than the plasma size. Consequently, radiation can escape
freely, without undergoing absorption and re-emission and the emission process is rapidly terminated.

As pointed out above, the properties of X-ray emission strongly depend upon the dominant absorption
mechanism of laser energy. In some cases, absorption processes have well known properties that enable to
identify their contribution. Inarecent experiment [44], the role of resonance absorption in the interaction of high
intensity femtosecond laser pulses with thin plastic foils was investigated by exploiting the dependence of this
absorption mechanism on the polarisation of the incident laser light. The intensities of hard X-ray emission and
specularly reflected second harmonic (SH) of the laser frequency were measured as a function of the polarisation
angle of the laser light. While the observed features of the SH emission showed a clear signature of the
occurrence of resonance absorption, the intensity of the X-ray radiation was found to be very sensitive to the
polarisation, as expected by the resonant enhancement of the p-polarised electric field at the critical density typical
of resonance absorption. We observe that this results provide a direct way of controlling the intensity of the X-ray
radiation in view of applications of similar experimental configurations as sources of hard X-rays.
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4.6.2 - High harmonics generation

Over the past few years, considerable progress has been made in the generation of coherent X-UV radiation.
Besides X-ray lasers, whose working principles are described in Sect.4.7, important achievements have been made
recently in the generation of high order odd harmonics from the interaction of intense sub-picosecond lasers with
noble gases and odd and even harmonics from ultra-intense sub-picosecond laser interaction with high-density
plasmas with ponderomotively-steepened density gradients.

In fact, coherent X-UV radiation can be obtained by focusing short intense laser pulses into gaseous targets
thus inducing highly non-harmonic oscillations of the electrons in the Coulomb field of the nuclel. The non-
harmonicity of the motion of the electron is responsible for the emission of harmonics of the fundamental laser
frequency. However, due to the symmetry of the Coulomb potentia, only odd harmonics can be generated. Such
harmonics are typically generated by focusing sub-picosecond lasers pulses at intensities ranging from 1014 to
1016 W/cm? into arelatively low density (1018 - 1019 cnr3) gastarget. This ensures that thereisinsufficient time
for electron-ion collision to occur. Therefore, the only mechanism available for ionisation is direct field ionisation
dueto the laser field itself also known as optical ionisation. However, for sufficiently short laser pulses, electrons
in neutral atoms and weakly ionised ions can experience very high laser fields before significant optical ionisation
to the next ion stage occurs. The non linear character of the mechanism invoked for the production of high order
harmonicsis clear if we observe that at an intensity of 1016 W/cm? the laser electric field is of the same order of
magnitude of the Coulomb field experienced by the electron in the first Bohr orbit of the hydrogen atom.

In genera, harmonic spectra are characterised by arapid fall off of the first few (5th-7th) harmonics, followed
by aplateau, with arelatively sharp cut-off at shorter wavelengths (see for example [100]). The cut-off occurs at a
photon energy corresponding approximately to hv =1,+3.17U, where |, istheionisation potential of the atom
and Up = (e2E§/4mooL2) is the ponderomotive energy of the electron quivering in the laser field E, oscillating at

an angular frequency w. . If thelaser intensity exceeds the value at which saturation of the harmonic generation
process occurs, the previous expression for the ponderomotive energy must be replaced with
Up =9.33" 10" I(W / cm)* A (mm)®, where | s is the saturation intensity [101]. Therefore, the cut-off energy
increases with the laser intensity as well as with the ionisation potential.  For this reason, due to their highest
neutral atom ionisation potential, noble gas are usually employed as gas targets.  On the other hand, the laser
intensity cannot exceed the value at which excessive optical ionisation occurs. Once the neutral atom has been
optically ionised, harmonics are produced from the action of the laser field on the electrons of the ion. Due to the
higher ionisation potential, harmonics from ions show a cut-off at higher energy. However, once plasmaformation
has occurred, the harmonic generation process becomes inefficient due to aloss of matching conditions.

Harmonics up to the 109-th of the Ti-Sapphire laser (800nm) at 74 A [2] and the 141-st of Nd:glass laser
(1053nm) at 75 A [38] are now routinely generated. Fig.19 shows a spectrum of harmonic emission in the cut
off region generated by the interaction of a25 fs laser pulse focused at an intensity of 6° 1015 W/cmZ2 on a neon
target [101]. Recently detection of harmonics up to the 299th (27.3A) of the Ti-Sapphire laser (800nm) has been
reported [102].
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Fig.4.19. Harmonic emission in the cut off region from the interaction of a 25fs laser pulse focused at an intensity of 6~ 1015
W/cm? on a neon gas target at a pressure of 8 torr [101].

An alternative approach to harmonics generation consists in the interaction of high-power lasers with solid
targets [103, 104, 105]. In this case the laser radiation can interact with the steep plasma density profile
essentialy intwo ways. When high contrast femtosecond laser pulses are employed, there is no significant
plasma expansion during the laser pulse and the laser effectively interacts with the sharp target-vacuum interface.
With picosecond (or longer) laser pulses, plasma expansion takes place, nevertheless, if the ponderomotive forceis
sufficiently large, steepening of the plasma density profile during the laser pulse may occur.

In both situations the harmonics (odd and even) are produced by the relativistic motion of the electrons dragged
back-and-forth across the asymmetric density step. In arecent experiment [104] higher harmonics up to the 15th
order have been observed from 130-fs laser-solid interaction using a Ti:Sapphire laser at 815-nm with intensities
up to 101/W/cm2. In this experiment, it was assumed that the contrast of the laser pulsg, i.e. the pulse to prepulse
intensity ratio, typically 106, was sufficiently large that a vacuum-solid density step could be generated. A narrow
beam of harmonics was detected in the specular direction. The reported conversion efficiency was of the order
10-8t0109. In another experiment [106] up to the 68th harmonic of 1.05-mm light was observed as shown in
Fig.20. The laser intensity on solid target was as high as 1019W/cm?2 while the conversion efficiency was
estimated to range from 104 t010-6. The harmonics were found to be emitted into a wide cone, and their
generation efficiency was found to be independent of additional prepulse and insensitive to the polarisation of the
incident beam.
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Fig.4.20 Spectrum of harmonic emission in the range 36-15nm generated by the interaction of a, 1.053 um, 2.5 ps laser pulse
focused onto a solid target at an intensity of 1019 W/cm? [106].

Harmonics from ponderomotively-steepened plasmas are more competitive than harmonics from gas jet targets
asfar as spectral brightnessis concerned. On the other hand harmonics generation from gasjet targets require less
powerful laser systems and therefore, in principle, is more attractive in view of a development, in the near future, of
a coherent X-UV source. A great effort is being devoted in the development of new techniques to enhance the
brightness of harmonics generated from gas jets to the level required by applications like microscopy and micro-
lithography. Recently it has been suggested [102] that phase matching induced by propagation in hollow-core
fibres[107] and/or the use of high pressure gas may greatly enhance the emission intensity.

4.7. X-ray lasers
4.7.1 - Motivation

Since the discovery of the principle of stimulated emission, great effort has been devoted to achieving physical
conditions for laser emission at progressively shorter wavelength. 1n the middle 1950s the first maser was built,
generating microwaves with awavelength of afew centimetres. 1nthe 1960's the first optical lasers became to be
employed in |aboratories, their operating wavelength being afactor 10-5 shorter than that of masers. Later, lasers
operating in ultra-violet region have been developed, until, in the 1980's, the first demonstration [4] of X-ray lasing
wasgiven, at wavelengths 102 times shorter than the that of optical lasers. Due to the intense research devoted
world-wide to the development of this kind of sources, X-ray lasing has been achieved in the wavelengthrange
between 400A and 35A.

Short wavelengths lasers may offer significant advantages in applications like holograms of microscopic
biological structures, too small to be investigated with visible light, aswell as in many fields of research where
coherent, short wavelength radiation is required, like, for example, holography and interferometry on a sub-
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micrometer scale. Nevertheless, severe scientific and technological problemswill have to be overcome before lasing
at shorter wavelengths can be achieved and before such devices can be routinely available for experiments and
applications.

4.7.2 - Basic principles

The working principles of an optical and an X-ray laser are basically the same. An intense energy source
(flashes, electrical discharge or other) produces a population inversion on electronic levelsin the active material.
The induced decay mechanism activates the material and, in appropriate physical conditions, very intense, highly
monochromatic, directional and coherent radiation is emitted.

However simple considerations show that the power needed to pump an X-ray laser largely exceeds that
required by an optical laser. Inthe simplest atomic model, the energy levels, the transition energy between such
levels, and the ionisation energies scale as Z2, Z being the effective nuclear charge seen by an outer bound
electrons. Therefore, the active material for an X-ray laser operating at wavelength 10-2 shorter than that of an
optical laser must consist of relatively heavy atoms, whose Z is of the order of 10. The required pump energy for
X-ray laser is therefore 103 times that of optical lasers, afactor of 10 dueto the required ionisation and a factor of
102 dueto theincreased laser levels separation. In addition, due to the scaling of the rate spontaneous decay (as
Z4), this pumping energy hasto be released in atime at least 104 times shorter than in the case of optical lasers. In
fact, the energy transitions involved in X-ray laser schemes are of the order of the keV and the corresponding
lifetimes are of the order of the picosecond while optical transitions are of the order of the eV and with typical
lifetimes of the order of microseconds.

According to the scaling laws given above, smple cal culations show that the power required to pump the active
medium of an X-ray laser is of the order of 100 TW. The only available pumping devices capable of such high
power are indeed powerful solid state laser operating in the sub-nanosecond or picosecond regime or, in principle,
CPA Ti:sapphire lasers operating in a femtosecond regime [36]. For this reason, the research activity on X-ray
lasers has been mainly carried out in large laser facilities world-wide.

The matter irradiated at such high power densities rapidly evolvesto a plasma state and X-ray |asers operate on
valence electron trangitionsin highly stripped ions.  The active medium of an X-ray laser consists of alarge aspect
ratio cylindrical target, whose lasant material is ahigh density plasmawhich is pumped by a short and high power
laser pulse. Since X-ray resonator cavities are not feasible, the laser operates in a high gain mode in which
spontaneous emission is amplified in asingle pass of the lasant medium. This represents a serious limitation in the
coherence properties of X-ray lasers.

4.7.3 - Pumping schemes

In the first demonstration of X-ray lasing action, collisional excitation was achieved by focusing the beam of a
high power laser on to athin, high aspect ratio Selenium strip target [4, 108]. In these conditions, targetirradiation
produces a high temperature (1KeV) Selenium (Z=34) plasma whose atoms are rapidly ionised and the outer 24
electrons are set free, leaving neon-like Selenium as the dominant species. Electron-ion collisionsinducetransition
from the ground state 1s22s22p6 (2p for short) to the higher energy levels likels?2s?22pS 3s (3s for short) and
1s22s22p° 3p (3p for short).  Since the transition from the 3p to the 2p ground state is quantum-mechanically
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forbidden, while electrons decay very rapidly back to the ground state, a population inversion between the 3p and
the 3slevelsisproduced. In fact, in this condition 96% of the ions have electrons in the 2p state, 3% in the 3p
state and 1% in the 3s state. When transitions from 3p to 3s are spontaneously produced, 200 A soft X-ray
photons are emitted, that initiate the lasing action by stimulating other smilarly excited ions to emit photons of the
same wavelength.

The evidence of lasing action is the exponential dependence of the intensity of laser radiation on the length of
thelasing medium. Fig.4.21 shows the spectra obtained for two different plasma lengths [109]. The effect of the
exponential amplification of gain line emission is clearly shown.

Typical values of the X-ray laser power are 10-100 MW, in a pulse lasting »100psec. Further amplification of
thisradiation is related to the possibility of producing good multilayer mirrors for soft X-ray radiation. So the
majority of X-ray laser schemestill now have operated in single pass conditions, i.e. in such away that photons
pass through the active medium only once. However, aternative techniques have been proposed and tested in
order to increase the length of the active media and to overcome detrimental refraction effects of the X-ray beam in
the active medium (see for example [110] and references therein).
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Fig.4.21. Axia spectra for two lengths of irradiated plasma column. The five gain lines are identified in the lower plot. The
upper plot shows how the intensity of gain lines increases much more than the other spectral components as the length of the plasma

isincreased from 12 mm to 33 mm. Note that filtering was increased from 0.4um for the lower trace to 2.4um thick Al filter for the
upper [109].

Numerous alternative X-ray laser pumping schemes have been tested [111], with the goal of reaching shorter
operating wavelengths and higher efficiency. Among them the most promising is the recombination scheme, in
which population inversion occurs after recombination of free electrons. However, the output power of the X-ray

lasers operating in collisional excitation regime has not been reproduced until now by lasers operating with other
pumping schemes.
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5. X-RAYSASPLASMA DIAGNOSTICS

Since the early studies on laser interaction with matter, plasma self-emission in the X-ray region has been
regarded as a fundamental tool for the investigation laser-plasma coupling mechanisms. Indeed, in the case of
experiments designed to investigate laser-plasma coupling processes or hydrodynamic instabilities, a detailed
analysis of spectral and spatial features of the X-ray emission allows a direct monitoring of the modifications
induced by the interaction processes on plasma conditions .

As discussed previously, atomic physics processes are strictly related to the thermodynamic properties of the
plasma. X-ray line emission from H-like and He-like ions can be investigated in order to study the temporal
evolution of plasma properties such as electron temperature and electron density. Experimental line intensity ratios
between resonance emission lines from different ionisation stages present in the plasma can be compared with the
analogous ratios calculated in the appropriate plasma equilibrium model. On the other hand, X-ray imaging with
high temporal resolution is also considered the key diagnostic technique to study basic interaction processes
including, for example, absorption processes, laser induced instabilities and thermal transport (see for example
[24]), or to monitor the dynamicsin the implosion of inertial confinement fusion capsules[112].

5.1. X-Ray Spectroscopy.
5.1.1 - Spectroscopic techniques

The temporal evolution of plasma physical parameters like el ectron temperature and density can be inferred by
comparison of experimentally measured line intensity ratios with the predictions of atomic physics simulation
codes based upon collisional-radiative equilibrium as discussed in Chapter 4. The basic idea behind the
technigue is that in a given plasma regime, one can identify appropriate spectral components that are highly
sensitive to changes of one of the parameters while being weakly dependent on other parameters. In this case,
numerical codes can help in identifying the relationship between experimentally measured quantities and unknown
plasma parameter(s). A typical example is the measurement of electron temperature from the intensity ratio
between emission lines from different ionisation stages. As an illustrative example of experimental temperature
measurements from laser produced plasmas we consider the case of a plasma generated by exploding Aluminium
targets. In these plasmas strong line emission from highly stripped Al ions, namely, He-like and H-likeAluminium
ions, occurs. The wavelength and the corresponding photon energy of the most intense resonance lines from these
ionic species and the corresponding notation used in the remainder of this paper are reported in Table.5.1.
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He-like | (A) hn (eV) | transition || H-like I (A) hn (eV) | transition
Heo 7.75 1600 152 - 1s2p Lya 7.17 1729 1s-2p
Hep 6.64 1867 152- 1s3p Lyp 6.05 2050 1s-3p
Hey 6.31 1965 152 - 1s4p Lyy 5.74 2160 1s- 4p
Hed 6.17 2010 152 - 1s5p Lyd 5.60 2214 1s- 5p
Hes 6.10 2032 152 - 1s6p Lye 5.53 2242 1s- 6p

Table 5.1. Wavelength and photon energy of resonance lines from He-like and H-like Aluminium. The resonance series of H-
like Al ionsislabelled according to the analogous Lyman series of the Hydrogen atom.

Since the x-ray source size is very small, typically much less than 1mm, and extremely bright, asimple x-ray
spectrometer consisting of a flat crystal set in afirst order Bragg configuration can be employed to perform
spectral analysisin the wavelength range from 10A downto»1 A. Fig.5.1 shows a schematic arrangement of a
TIAP (Thallium hydrogen Phthalate, TIHCgH404) crystal (2d = 25.9A) for x-ray spectroscopy of Al laser
plasmasin the 5-8A spectral range, where K-shell emission from He-like and H-like Al ions occurs.

Straight through shield /

Detector /

WY\

TIAP Crystal (2d=25.9A)

Fig.5.1. Schematic of flat TIAP crystal configuration in the X-ray spectrometer for spectroscopy of highly ionised Al plasmas.

In this case the crystal simply acts as a multi-layer structure with period d which produces N interfering
beams. Therefore, the spectrum of the radiation incident on the plane with an angle of glancing incidence (the
complement of the conventional optical angle of incidence) 6 is dispersed according to the Bragg equation
nA = 2dsin(9), wheren isaninteger that represents the reflection order and | is the wavelength of the incident
radiation. Following simple geometrical considerations [113], the resolving power of this configuration is
approximately /DA :\/tan2 9 (DYZ +(S/L)?), where DY, is the crystal rocking angle, S is the source
transverse sizeand L isthe distance between the source and the crystal plane. Itiseasy to verify that in thetypical
configuration in laser produced plasma studies the rocking angle is much smaller than the angular source size and
therefore the spectral resolution is limited by the source size. Fig.5.2 shows an X-ray spectrum from a6 pm thick
Al fail irradiated by a 3ns laser pulse at an intensity of 2° 1013W/cm2. Emission lines from Hydrogen-like (1s -
np) and He-like (1s? - 1snp) Al ions can be easily identified once wavelength calibration is carried out.
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Fig.5.2. Lineout of an X-ray spectrum from a hot Aluminium plasma, obtained from a crystal spectrometer on an X-ray film as
ﬁtngnvzg e?;hematically in Fig.5.1. The main line emission components from hydrogen-like and helium-like Aluminium ions are

Once the spectral range of interest isidentified, a crystal with the appropriate crystal plane spacingd must be
chosen for a given working glancing angle according to the Bragg relation given above. In particular, as the
wavelength increases, larger spacings are needed. Since both natural and synthetic crystals have spacingstypically
less than afew tens of A, other dispersing devices must be adopted for longer wavelength X-rays (X-UV).

Grazing incidence gratings can be efficiently used for wavelengths ranging from afew tens of A up hundred A
or more. In fact, grazing incidence ensures avery high reflectivity of gratings coated with medium/heavy metal s at
relatively high photon energy. Also, variable groove spacing [114] allows the dispersed radiationto be focused
onto aplane rather than onto curved surface as in standard gratings. Such a feature makes this grating suitable for
use with flat detectors such as film plates or streak-camera photocathodes. Fig.5.3 shows a schematic set up for a
grazing incidence grating equipped with a hard X-ray filter that enables to cut off high energy photons (>1keV) for
measurements in the range above » 15 A.
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Fig.5.3.  Schematic diagram of the experimental arrangement of the flat-field X-UV grating showing the double reflection filter
used to cut off high energy (>1 keV) photons. Also shown isaspectrum from a hot carbon plasma produced by laser irradiation of a
plastic target (see Fig.5.4) showing the main line emission components from highly ionised (Hydrogen and He-like) Carbon atoms.

The highenergy cut-off filter also uses the properties of X-ray reflection at grazing incidence angles. In this
case the process is used to select the required spectral rangevhile rejecting unwanted high energy photons which,
if allowed on the grating, can contribute to the first order spectrum withigher diffraction orders. Fig.5.4 shows a
spectrum from a highly ionised carbon plasma generated by the interaction ah 12ps laser pulse with a plastic
target at an intensity of» 2~ 10" W/cm?[76]. In thiscase the double reflection mirror was implemented using
two highly parallel, highly polished, Ni-coated silica substrates placed on the path of the radiatitsefore the
grating as shown inFig.5.3. The highenergy cut-off edge of the filter is defined by the L-shell absorption edge

of Ni atoms located at approximately 860 eV. Belowthis value the reflectivity of the Ni-coated surface is very
close to unity (» 95 %) provided the incidence angle i€ 50 mrad.
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Fig.5.4. Timeintegrated spectrum of the X-ray radiation from the plasma produced by irradiation of asolid plastic (Mylar) target
with a 12 ps, 268 nm laser pulse at an intensity of »2 1014 W/cmZ2 in a 200 um diameter focal spot. The spectrum was obtained
by using the grazing incidence grating spectrometer shown schematically in Fig.5.3.

A comparison of experimental line ratios measured from spectra like that of Fig.5.4 with synthetic spectra
calculated by atomic physics codes [63] yields an estimate of the time averaged el ectron temperature. If the history
of the electron temperatureis required, spectramust be resolved in time.

5.1.2 - Time-resolved analysis

The analysis of the temporal evolution of the emission requires the use of fast detectors with sub-nanosecond
tempora resolution. X-ray photodiodes are typically employed for broad-band spectroscopic anaysis in
combination with X-ray filters [20]. When one-dimensional or two dimensional analysis is required, specia
devices are employed in which secondary electron emission is used to convert radiation into electrons while
preserving its temporal evolution [115] and spatia distribution. Typica examples of such deviceswill be described
in the following section and examples of applications will also be given. The X-ray streak-camerais afast, one-
dimensional detector that can be used to perform time-resolved analysis of X-ray spectra. Fig.5.5 shows
schematically the working principle of such adevice. Photons, incident on the photocathode induce emission of
secondary electrons which are accelerated and driven onto the output phosphor screen, through two parallel plates.
When a high voltage ramp is applied to the plates, the time varying electric field "streaks" the electron beam across
the phosphor plate, thus displaying the temporal evolution of the incident radiation in the form of a space
dependent intensity pattern. The direction perpendicular to the streaking direction is relayed directly onto the
output screen.
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Fig.5.5. Schematic diagram of a streak-camera. The radiation, incident on the photocathode, produces secondargl ectrons that are
accelerated and focused on a phosphor plate. A high voltage ramp, applied in a direction perpendicular tdhe propagation direction
displays the temporal evolution on the output screen.

Such adevice enables time-resolved analysis of a one-dimensional radiation patterithe temporal resolution of
such a device, i.e. the shortest temporal interval that can be resolved or the measured duration afdelta-like
temporal emission, is determined by the width of the pattern along the temporal axis. Thigidth is typicaly
controlled by placing a narrow dlit in front of the streak-camera photocathode. Slits asarrow as a few tens of
millimetres can beused with presently available streak-cameras leading to a temporal resolution as high as a few
picoseconds. The limit resolution isdetermined by the physical properties of the photocathode, i.e. by the
properties of secondary electron emission for the particular photosensitive material chosen. Cgb a typical choice
due to the high efficiency. However, when a temporal resolutiobetter than 10 ps is required, KBr is a better
choice. Infact, although lessensitive than Csl [116], KBr photocathodes allow a better temporal resolution due
to the narrower energy distribution of secondary electrons [117].

5.1.3 - Temperature measurements from X-ray spectra

When an X-ray spectrum like that of Fig.5.3 is generated on the dlit of an X-ray streak-camera, dan be
resolved intime with a temporal resolution as high as a few picoseconds.Fig.5.6 shows a typical time-resolved
spectrum of the X-ray radiation emitted by a plasma produced by laser irradiatiaof a thin Al disk target at a total
intensity of 6.5 1013 W/cm? and a pulse duration of 600 ps. Fig.5.7 shows a 1D trace taken 500 ps after thepeak
of X-ray emission and integrated over the instrumental temporal resolution of 50 psEmission lines from He8 to
Lys areclearly visiblewith the Ly and Lyd emerging from theHe-like continuum. The He line is just visible
as a shoulder-like feature on the long wavelength side of the Lfy line.
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Fig.5.6. Time-resolved X-ray spectrum of K-shell Aluminium emission from plasmaformed by laser explosion of athin Al foil

heated at an irradiance of 6" 1013 W/cm?2 by four 600ps FWHM, 1um laser pulses. The timing of the heating laser pulse is
schematically shown by the bell-shaped curve. Thelineout box refersto the plot of Fig.5.7 [10].

Lineintensity profiles can bewell fitted using gaussian profileswith Dirwnam = 40mA +10%. Except Hee
and Lyp lines, all the remaining lines are well resolved and it is therefore relatively simple to determinethe line
intensity. With the available spectral resolution, the Ly lineisonly partially resolved, being merged to the Hee
and higher quantum number He-like lines and to the He-like continuum edge.
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Fig.5.7. Lineout of the spectrum of Fig.5.6 taken 500 ps after the peak of X-ray emission intensity and integrated over 50 ps,
i.e. over the temporal resolution of the spectrum (see Fig.5.6).

Intensity ratiosinvolving the Lyp transition will consequently be affected by alarger error. Brighter emission
from Hydrogen like transitions occurs at higher heating laser intensities as hotter plasmas are generated. This
effect is clearly shown by Fig.5.8a and the corresponding 1D profile of Fig.5.8b which shows a time-resolved
spectrum obtained in similar conditions as Fig.5.6 but with a heating laser intensity of 1.2" 1014W/cm2. Also
visible in this spectrum is the X-ray emission arising from adelayed interaction laser pulse set to reach the plasma
2.5 ns after the peak of primary heating pulses. The effect of the delayed interaction on the conditions of the
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preformed plasmawill be discussed in detail later in this section. However, it isimportant to notice that the spectral
resolution for this part of the spectrum is clearly improved due to the smaller spatia extent of the X-ray source. In
fact, in this case the X-ray emission comes from the region of plasma heated by the interaction beam whereas the
initial part of the spectrum comes from the whole heated plasma.
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Fig.5.8a. Timeresolved X-ray spectrum of K-shell Al emission from laser plasma heated at an irradiance of 1.2 10" W/cm® by
four 600 ps FWHM, 1um laser pulses. The effect of a second "interaction” pulse delayed by 2.5 ns with respect to the peak of the
plasmaforming pulseisaso visible.
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Fig.5.8b. Lineout of the spectrum of Fig.5.8a at the peak of X-ray emission intensity showing brighter emission from
hydrogen-like ions in comparison with the analogous plot of Fig.5.7.

The higher heating intensity produces a higher electron temperature and therefore higher hydrogenic population
that givesriseto stronger Lyy and Lyd which now clearly emerge from the He-like continuum in the spectrum of
Fig.5.8. ThelLyy toHegintensity ratio measured from the spectrum of Fig.5.8, limited to the heating phase only,
is shown in Fig.5.9. Plots like this, compared with numerical simulations of atomic physics and hydrodynamics
yields the history of plasma electron temperature..
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Fig.5.9. Experimental intensity ratio of the H-like Al y -line (1s - 4p) to the He-like Al y -line (1 - 1s4p) as a function of time
with respect to the peak of the He-like Al - line, measured from the spectrum of Fig.5.8.

Isisclear that, since no spatial resolution isincluded in the spectra, plasma parameters determined in this way
should, in principle, be regarded as averaged over plasma el ectron temperature and density distribution in space. In
particular circumstances, like in the case of very hot plasmas (characterised by high thermal conductivity) or highly
localised heating, anearly complete knowledge of the electron temperature in the region of interest can be obtained.
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5.2. Plasma Opacity
5.2.1 - Opacity effects in temperature measurements

In order to minimise the contribution of opacity effects, it is aways preferable to restrict the analysis of line
intensity ratios to high quantum number members of a resonance series which are less sensitive to re-absorption
effects. On the other hand, line intensity decreases dramatically going towards high quantum number members
resulting in low signal to noiseratios. Therefore, the final choice will be to find a middle course between thesetwo
limits.

Recalling the previous example of temperature measurements, theintensity ratio between Lyy and Hey was
calculated for a uniform plasma as a function of the electron density and temperature for optically thin and
optically thick plasmaof 10 um and 100 pm lengths. The results of such a calculation are summarised in Fig.5.10
for an electron density ranging between 10™ and 10% cni® and for temperatures between 380 and 800 eV. We
notice that, for densities below afew times 10™°cmi® the intensity ratio is almost independent of both density and
opacity effects.  However, in the range of densities between afew times 10*° cm® and afew times 10%* cm®, there
is a strong dependence of line ratios upon density. Also opacity effects strongly affect line ratios only for
densities above 10”%cm®.
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Fig.5.10. Lyy toHey intensity ratios as afunction of electron density for different electron temperatures. Solid line curves have
been obtained with no opacity included in the calculation while dashed and dashed-dotted lines correspond to calculation with opacity
effects for a 10 um and a 100 pum thick plasma, respectively.

Once the density of the plasmais known, a plot like that of Fig.5.10 can be used to convert line ratios into
electron temperatures. Fig.5.11 shows the temporal dependence of the electron temperature obtained by comparing
the experimental intensity ratios of Fig.5.9 with the plot of Fig.5.10. Each curve of the graph was obtained
comparing the experimental ratio with the calculated one and assuming an opacity effect with a given length of
homogeneous plasmafor the three plasmalengths taken into account in Fig.5.10.
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Fig.5.11. Tempora evolution of the electron temperature of a laser produced Al plasma obtained by comparison of the
experimental intensity ratio of Lyg to Heg with the prediction of the steady-state collisional radiative numerical code RATION [63].

Due to the lower background electron density after the full explosion of the target, i.e. later than about 1 ns after
the peak of heating pulses, density and opacity dependent effects become less important and, in principle, more
accurate temperature measurements are possible. Infact, theplot of Fig.5.11 shows that opacity effects give a
major contribution during the laser pulse while later in time the three curves approach each other and give a better
defined electron temperature within lessthan 100 eV. In particular, at 2 ns, when the electron density is of the
order of atenth of the critical density the average electron temperature is found to be 550 €V with an uncertainty
due to opacity smaller than 8%.

5.2.2 - Laser re-heating of preformed plasmas

Well defined plasma heating conditions can be achieved when a high intensity laser pulse is focused onto a
preformed plasma. A great dead of information can be gained from a spectroscopic analysis of the X-ray radiation
emitted during the heating process aswell as from X-ray imaging studies (see § 5.4). When alaser pulse strikes a
long scalelength preformed plasma, energy is absorbed locally and gives rise to arapid re-heating of theinteracting
plasmaregion, with intense re-emission of X-ray radiation. This localised heating will be discussed in detail in §
5.4 (see for example Fig.5.23). Here we examine the interaction from a spectroscopic viewpoint using the same
diagnostic and analysis tools described above. A typical example of plasma re-heating has already been shownin
Fig.5.8 and can be more clearly observed in the spectrum of Fig.5.12 where the first x-ray emission peak
generated during plasma production by laser explosion of asmall Al disk, asin the case of Fig.5.6., isfollowed by
a second emission peak, due to the interaction of a second laser pulse focused on the plasma produced by the first.
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Fig.5.12.  Time-resolved X-ray spectrum of K-shell Aluminium emission from a laser-plasma heated at an irradiance of
1.2 10°W/cm’ by four 600 ps FWHM), 1um laser pulses. The interaction beam is focused on the plasma in a 800 pm by 100 pm
linefocus at an intensity of 3.0° 10™ W/cm® and was delayed by 2.5 ns with respect to the peak of the heating pulse.

The electron temperature of the X-ray emitting region can be determined following the procedure described
above. Fig.5.13 showsthe tempora evolution of the electron temperature obtained from the spectrum of Fig.5.12.
Due to the high intensity of the interaction laser pulse, strong line emissionupto Lyd and Hed was detected and
therefore, the eectron temperature could be measured taking into account both the Lyy to Hey andtheLys to
Hes intensity ratios. The plot showsthat, in the conditions considered here, adelayed laser pulse interacting with
an underdense plasma can give rise to an increase of the electron temperature in the interaction region of up to
200 eV. Thedifference in the values of the electron temperature obtained from the two line ratios considered here
is accounted for by the error barsincluded in the plot of Fig.5.13.
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Fig.5.13. Tempora evolution of the electron temperature of the region of a pre-formed plasma heated by a focused laser pulse,
obtained comparing the experimental intensity ratio of Fig.5.12 with numerical calculations.

Consistently with the analysis of Fig.5.11 given above, the uncertainty induced by opacity effects on the plot of
Fig.5.13 minimises around 2ns. Nevertheless, when the interaction pulse strikes the plasma, the error bar increases
again suggesting anew source of uncertainty. In fact, since the interaction pulse gives rise to localised heating of
the underdense plasma, the effect of spatial integration over the entire plasmamay come into play. Space resolving
techniques can be adopted to further reduce measurement uncertainty in these circumstances.

5.3. Plasma Density

As discussed above, a correct characterisation of the X-ray emission properties of laser-plasmas requires a
detailed knowledge of the electron density distribution. Interferometric techniques can be used to measure the
electron density distribution of a plasma as well asitstemporal evolution. A fringe pattern is generated by the
interferometer which gives information on the refractive index of the plasma integrated along the line of sight.
Under specia experimental conditions and with appropriate assumptions on the symmetry of the plasma, the Abel
inversion technique allows the density distribution to be obtained at a given time during plasma formation or
expansion with atemporal resolution given by the length of the laser pulse used as a probe beam. An example of
an interferometric study of a plasma produced by laser explosion of a Al disk target is shown below aong with a
brief description of the Fourier transform technique [118] used [10] to analyse the interferograms.

5.3.1 - Interferometer set up for phase shift measurements

In the experiment described below, a 100 ps, 1 um wavelength laser pulse was frequency doubled, delayed, and
used as a probe beam parallel to the plane of a 500nm thick and 400um diameter disk target. A modified [119]
Nomarski interferometer [120] was employed in order to measure the phase shift induced by the plasma on the
probe beam.

Thetechnique[121] is based upon a polarised light interferometer which produces, by means of a Wollaston
prism, two separate orthogonally polarised images of the plasma surrounded by an unperturbed background.
Interference between each of the two images and the unperturbed background of the other images is achieved by
placing a polariser before the detector plane, oriented at 45 degrees with respect to the two axes of polarisation of
both images produced by the prism. The fringe pattern is then recorded onto a 2D detector (film/CCD).
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5.3.2 - Experimental results

Fig.5.14 shows an interferogram taken 4.3 ns after the peak of the plasma forming pulse incident each side of
the Al disk target at anirradiance of 4.2° 1013 W/cmz . The geometry of the experiment is schematically shownin
the inset of Fig.5.14.

probe beam x-section

Al disk

Fig.5.14 Interferogram of the preformed plasma taken 4.3 ns after the peak of the plasma forming laser pulses. The laser
irradiance on each side of the dot Al target was 4.2” 10°W/cn.

Only one of the two fringe systems produced by the interferometer is entirely shown in this figure. Fringes
on the extreme right hand side of the image are perturbed due to the overlapping with the other fringe system. The
original position of the target is marked by two arrows and the edge of the target holder is just outside the image.
The interferogram shows that, away from the target plane, the plasma extends up to distances from the longitudinal
axis greater than the target radius and, in the limit of sensitivity of the interferometer, it is free from strong density
perturbations.

5.3.3 - Basic principles of time resolved interferometry

The fringe pattern produced by the interferometer is the result of interference between a beam which has
propagated through the plasma and an unperturbed reference beam, both beams originating from the same laser
source. For aprobe beam propagating along the y -axis, the phase difference between these two beams at agiven
position (X, z) isgiven by

2p &2 0
Do(x,2) :Tg dn(x.y.z)- 1)dy;, (5.1)
PC y2

where Ap isthe probe beam wavelength, n isthe plasmarefractiveindex, i.e. a function of the plasma electron
density, and L isthe total path-length greater than the plasma extent along y. For a plasma with cylindrical
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symmetry around the x -axis, once the phase shift is recorded from interferograms like that of Fig.5.14, the
electron density can be calculated by using Abel inversion techniques. Therefore we have

mec
— rCfd Dy (2)0 s T > (52)

where e and m. are the electron charge and mass respectively and c is the speed of light and r, is the radial
plasmasize. On the other hand the interferogram intensity pattern can be written in the following form

Ne(r,Xx =Xo) = -

(X, 2) = a(x,z) +[c(x,z)exp(2pifux) + c.c.], (5.3)

where c(x,z) = (12)b(x, z)exp[i Dp(x,z)] and its complex conjugate ¢ (x,z) cary al the information
concerning Do (X, z). It can be shown that, with appropriate assumptions on the distribution in the frequency
domain, the phase shift can be directly extracted from the Fourier transform of the interferogram intensity pattern.

The surface plot of Fig.5.15 shows the phase shift obtained using this analysis from the interferogram of
Fig.5.14.

Phagse Shift crad)

Fig.5.15. Three dimensiona shaded surface of the phase shift distribution induced by the preformed plasma, 4.3 ns after the peak

of the heating laser pulses. The phase shift was obtained [10] from the interferogram of Fig.5.14 using a fast Fourier transform based
analysis technique [118].

5.3.4 - Electron Density Profiles

Finally, the phase shift distribution shown above isfed into EQ.5.2 to obtain the electron density. A contour plot
of the resulting plasma density profileis shown in Fig.5.16.
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Fig.5.16 Contour plot of the electron density profile of the plasma, 4.3 ns after the peak of the plasma forming pulses as
obtained from Abel inversion of the phase shift distribution of Fig.5.15. Contour levels are labelled in units of the critical density at
1.053 pm.

The contour levelsin Fig.5.16 are labelled in units of the critical density at 1 um and, consistently with the
assumption of cylindrical symmetry, the z-co-ordinate has been replaced by theradial co-ordinate. Plots like that
of Fig.5.16 taken at different times during plasma expansion make it possible to determine the temporal evolution
of the plasma density. Thisinformation is of fundamental importance to evaluate re-absorption effects of X-ray
emission when determining the electron temperature of the plasma.

5.4. X-Ray Imaging of Plasmas

X-ray imaging of laser plasmas is a fundamental diagnostic tool that enables a direct monitoring of important
characteristic parameters. In this section we describe the basic techniques of X-ray imaging of laser plasmas along
with typical applications to the study of micron sized sources. A method for obtaining timeresolving imaging with
high spatial resolution is aso discussed and an example of application of such method to Inertial Confinement
Fusion related studiesis also given.

5.4.1 - Basic X-ray Imaging techniques

Due to the strong X-ray emissivity of laser produced plasmas, a simple imaging device consisting of a pin-hole
camera (PHC) can be employed to obtain X-ray images. Such images can be recorded directly by using X-ray
sensitive detectors (X-ray films, CCD cameras) or by employing phosphor screens coupled to optical image
intensifiers. Presently available intensifiers based on micro-channel-plate technology (MCP) [122] can easily
provide a thousand-fold overall gain in intensity [123]. Ordinary CCD cameras or commercia photographic
B&W film can then be used to record intensified images.

Both magnification and resolution of a PHC can be easily calculated from simple geometrical consideration.
According to the geometry of Fig.5.17 the magnification of apin-hole cameraisgivenby A =qg/p,q and p being
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the pin-hole to image-plane distance and pin-hole to object plane respectively. The spatial resolution of the image
is generally given by the combination of geometrical and diffraction effects.

Pin-hole .
X-ray filter Object

- L :Q Plasma

®

Laser
beam

Fig.5.17 Geometry of apin-hole camerafor X-ray imaging of plasmas. The pin-hole diameter determines the spatial resolution
of theimage. In the limit of high magnification the spatial resolution of the image in the object plane is simply given by the pin-
hole diameter.

It is easy to verify that the size of the image of a point source in the geometrical limit is given by
Dxg @dph(1+ M), dpn being the pin-hole diameter. According to the Fraunhofer diffraction theory [124], the
typical transverse size, i.e. the diameter of the circle containing 85% of the total energy, of the Airy pattern
produced by auniformly illuminated circular aperture of diameter dpn at adistance q, is Dx¢ @2.44 qA/dph,
A being the X-ray wavelength. The best pin-hole size is given by the condition Dxg » Dxd, that is, by

2447 q
d :,f . 5.4
ph 1+ M (54)

For a typical set of parameters of laser-plasma experiments, A » 5A, and g » 50cm , the best pin-hole
diameter is approximately 7 umfor M » 10 and 5 um for M » 30. On the other hand a lower limit to the pin-
hole size that can be employed in laser-plasma experiments is also set by the available X-ray flux as well as by the
manufacturing feasibility of small diameter pin-holes. Typica commercially availablepin-holeshavediametersas
small as5 um. Therefore, for amagnification M < 30 theimage resolution is determined by thegeometrical limit.
The size of the smallest feature which can be resolved in the object plane, i.e. in the plasma, is then

DXpIasna @dph (1 + Ml) . (55)

In other words, in the limit of high magnification, the spatial resolution of a pin-hole cameraimage in the object
planeis given by the pin-hole diameter. The pin-hole diameter also determines the X-ray flux collected by the
camera

According to the above geometry, the number of 1keV photons reaching the recording device per unit area of
the magnified image can be written asfollows

E dj
Fiev = 6.25° 10151 DL Shotons / cm? (5.6)

67 q° M2A2
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where E_ isthelaser energy absorbed by the plasmain Joules, nx isthe X-ray conversion efficiency in the 1keV
region, dph and A areinpmand q isincm. In thetypical experimental conditions with nanosecond pul ses the
absorbed laser energy EL ranges from severa joulesto hundred joules and the X-ray conversion efficiency in the
1keV region is of the order of nx » 0.1. With a plasma transverse size A » 100 mm and assuming an image
magnification M = 10, with a 10 um pin-hole diameter and a pin-hole to image distance, q » 50cm , weobtain an
X-ray flux ranging from 10° to 10® photons / cm?, according to the variation of the absorbed laser energy.

This value should be compared with the flux required to obtain an optical density abovefog D = 1 on atypical
X-ray film [125], that is, approximately Fikev = 108 photons/ cm?. Therefore the use of an active(intensified)
pin-hole camera becomes necessary in these experiments in order to cover the whole range of experimental
conditions. The situation is different if specifically designed CCD arrays are used as direct X-ray detectors due to
the higher efficiency resulting from the greater absorbing power as discussed in details in § 5.5.2. Currently
available CCD arrays equipped with cooling systems for the reduction of thermal noise are capable of detecting the
single X-ray photon . When these detectors are used, the spatial resolution can be pushed to the diffractivelimit by
using very small diameter (afew microns) pin-holes.

5.4.2 - Spectral selection in X-ray imaging

Time integrated imaging is usually employed as a basic monitor of the laser-matter interaction process.
However, when appropriate spectral selection is performed, valuable physical information can also be gained. To
illustrate the role played by spectral selection in laser-plasma imaging we recall the results shown in Fig.4.12
concerning the size of LPP X-ray sources (see 8 4.5.3). In that experiment [76] the plasma was produced by the
interaction of a 10ps laser pulse with a layered target consisting of a solid plastic (Mylar) substrate coated with a
0.1 pm thick Al layer and over-coated with a 0.1 um thick plastic (CH) layer. The laser beam focal spot, measured
by direct obscuration, was » 25 pum in diameter and the intensity was 3.6” 1016 W/cm2. The X-ray images of the
plasmashown in Fig.4.12. were obtained by using a pin-hole camera to study the interaction of atightly focused,
high intensity picosecond laser pulses with solid targets. The PHC was fitted with afour-pin-hole array to allow a
simultaneous 4-channel imaging as shown schematically in Fig.5.18a. Each channel wasfiltered to be sensitive to
adifferent spectral region. One channel was filtered with a 20 um thick Be filter, while the other three channels
were additionally filtered with 3 um Al, 8 um Cu, and 3 pm Al+8 pm Cu respectively.

Plasma

4-Pin-Hole Array

Fig.5.18a. Schematic arrangement of a pin-hole camera fitted with a 4-pin-hole array to perform simultaneous 4-channel
imaging of laser produced plasmas.
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The transmittivity of the 25 um Be, 3 um Al and 8 pum Cu foil is plotted in Fig.5.18b asafunction of the X-ray
photon energy in the range from 100 eV to 100 keV, calculated using available [126] mass absorption
coefficients. Therefore, according to Fig.5.18b, the imaging channel filtered with the Be foil is mainly sensitive to
photon energies above »1.5 keV. The addition of the Al filter in the second channel further shifts this lower
bound to approximately 2.5 keV.
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Fig.5.18b. X-raytransmittivity of a 3 pm thick Al foil, a 25 pm thick Be foil and a 8 pm thick Cu foil calculated using
tabulated mass absorption coefficients.

Fig.5.19 shows 1D lineouts of the X-ray images of Fig.4.12 for different filtering conditions. The profile
obtained from the Be filtered channel is approximately »90 um (FwHM) while the Be+Al and the Be+Cu both
giveaFwHM of 60 um and the Be+Al+Cu channel gives a FwHM of 30 um. According to these results the extent
of the X-ray emitting region, in the case of the Be+Al+Cu channel, isdightly larger that the 25 pum diameter focal
spot of the laser.
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Fig.5.19. Lineout of X-ray images of Fig.4.12 obtained using a pin-hole camerafitted with a 4-pin-hole array. The plasma was
produced by irradiating a solid plastic (Mylar) target coated with a 0.1 pm thick Al layer, over-coated with a 0.1 pm thick plastic
(CH) layer. Thelaser intensity was 3.6" 1016 W/cm? in a »25 pm diameter focal spot [76].

Since the main target component is Al, strong contribution to the X-ray emission will come from Al. resonance
lines from He-like and H-likeions. The Al filter cuts off most of this emission, thus strongly reducing the X-ray
source size as shown in Fig.5.19. The transmittivity of the second (Be+Cu) and the third (Be+Al+Cu) imaging
channels are mainly determined by the transmittivity of the Cu foil. In this case the presence of the L-shell
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absorption at 933 eV selects photon energies between »6 keV and 9 keV andgreater than »15 keV. Therefore,
with the Cu filter, only very energetic X-rays contribute to the image and the size of the X-ray source isfound to be
limited to the hot region of the plasma directly irradiated by the 25 um diameter laser focal spot.

5.4.3 - Time resolving techniques

Temporal resolution can be achieved by forming the X-ray image generated by a PHC on a position sensitive,
time resolving device. By using an X-ray streak camera, temporal resolution up to the picosecond range can be
obtained. However the spatial information is restricted to the direction perpendicular to the streak direction (1-D
time-resolved imaging). This technique has been employed for several years[121]. However, thanksto micro-
channel-plates (MCP), two-dimensional position sensitive devices with a temporal resolution of a few tens of
picosecond are now available [123]. MCP s are characterised by avery low capacitance that enables fast switching
of the externally applied electric fields. These devices can therefore be used as gated intensifiers as well asaDC
intensifiers and usually do not require additional intensifiers due to their intrinsic high gain.

In al of the applications considered above, in order to avoid motional blurring of the images, framing times as
short as few tens of picoseconds are often necessary. Recently, X-ray framing-times as short as 30-40 ps have
been reported [127]. On the other hand, the scalelength of the features of interest may require high spatial
resolution. Another important feature of such imaging systemsis the number of frames that can be recorded on a
single interaction event, so that the tempora evolution can be mapped with sufficient accuracy. The final
configuration istherefore atrade-off between scientific requirements, spatial, temporal and spectral accuracy on
one side, and flexibility, reliability, and ease of use in on the other side. In the following we briefly describe a
technique employed [86] for fast, multi-frame X-ray imaging of the interaction of a high intensity laser pulse with
preformed plasmas.

In this experiment, the X-ray detection unit, based on a MCP, enabled four independent X-ray imaging frames
with 140 ps gate-time and adjustable inter-frametime. A diagram of the sengtive unit is shown in Fig.5.20. The
input surface of the micro-channel-plate detector is coated with a 500nm copper layer in four separated rectangular
regions (Strip-Lines) that acts as a photocathodes while the output surface is uniformly coated with athin copper

layer.
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Fig.5.20 Schematic arrangement of the X-ray imager detection system with the MCP input surface showing the four 500 nm
thick Cu coated regions [128].

Photons incident on one of the activated strip-lines generate photoel ectrons that, accelerated by the external
electric field, hit the walls of the micro—channel producing secondary electron emission. The electrons thus
produced are then accelerated, multiplied and finally driven onto a phosphor screen by another electric field. A
standard film records the light emitted by the phosphor screen and collected by a fibre optics bundle plate.

The unit isthen coupled to a PHC equipped with a 4-pin-hole array capable of producing identical images of
the plasma onto the four sensitive frames of the MCP. The x-ray radiation collected by the PHC is the filtered in
order to block visible radiation and to enhance the sensitivity of the detector to the spectral range of interest. In the
case of the experiment described below, athin (»1um) Al filter was used to absorb most of the resonance line
emission from He-like and H-like Al ions in favour of continuum emission, more closely related to the plasma
conditions induced by local laser energy deposition.

5.4.4 - Anillustrative example of fast X-ray imaging

In this section we describe measurements carried out with the multi-frame X-ray imaging device described
above to study the interaction of an intense laser pulse with a plasma pre-formed by a laser explosion of a thin Al
stripe as shown schematically in Fig.5.21. The dashed ellipse around the Al coating shows schematically the size
of the focal spot of the plasmaforming beams. A fifth laser interaction beam is then focused on the target along
the longitudinal axis, as shown in Fig.5.21 and reaches the target typically 2.2 ns after the peak of the plasma
forming pulses, when along plasma has devel oped.

Fig.5.22 shows a time integrated X-ray image of the target heated on each side by the laser pulses at an
intensity of » 2~ 10 W/cm?. In this case the imaging device was working as a DC X-ray intensifier. The
delayed interaction pulse is focused on the (left) edge of the foil target at an intensity was 102> W/cm?, in a
140 pm (FWHM) focal spot.

Delayed interaction

pulse(600ps,1.06 um)
Plastic substrate (0.1pm)

Aluminium stripe
300 x 500 x 0.7 pm

Plasma forming
pulse (600ps,0.53um)
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Fig.5.21  Target configuration and laser beams arrangement for the production of laser plasmas. The Al coating was 700nm
thick. The Al target was 300um wide and 500um long (along the interaction beam axis). The plasma created by laser explosion of
the foil, expands mainly in the direction perpendicular to the foil plane (not to scale).

The shape of the bright X-ray emitting region, even though integrated in time, clearly resembles the shape of the
Al heated target as shown in Fig.5.21 suggesting that most of the X-ray emission in the observed spectral range
occurs during the plasma start-up phase, before hydrodynamic expansion takes place.

— 100 um

Fig.5.22 Time integrated X-ray image of an Al stripe target heated on each side by a 600 ps, 0.53 um laser pulses at an
intensity of »2 1013 W/cm2. The 600 ps interaction pulse, delayed by 2.2 ns, was focused on the left edge of the target (as shown
schematically in Fig.5.21) at an intensity of 1013 W/cm2. The image was obtained with the x-ray imager working as a DC X-ray
intensifier [86].

Consequently, in time integrated images, the effects of the interaction occurring in the region of space occupied
by the target prior to its explosion are masked by the intense X-ray emission occurring in the early stage of plasma
formation. Therefore temporal resolution is needed to study the effects of the interaction pulse on the expanded
plasma. Images like the one shown in Fig.5.22 are produced on each of the four frames of the imaging device
and then, by driving the frames at different times, a tempora sequence of four X-ray images of the interaction
region isrecorded. A sequence of time resolved X-ray imagesis shown in Fig.5.23. In this case the target was
heated at an incident laser intensity of » 4~ 10*3 W/ cm? on each side, while the intensity of the 600 ps delayed
interaction pulsewas 5.8~ 10% W/ cm?.

Thefirst frame, synchronised with the peak of the plasmaforming laser pulses, shows X-ray emission from the
plasma heating phase while the remaining three frames show the X-ray emission due to the interaction of the
delayed laser pulse with the preformed plasma. X-ray emission relative to the heating phase involvesthe whole Al
target foil and, though very intense in the first frame, after »2 ns drops below the detection level in the following
frames. Thisis consistent with the history of X-ray spectragivenin Fig.5.6 and Fig.5.8.
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Fig.5.23 Seguence of time resolved X-ray images of laser interaction with a preformed plasma produced by laser explosion of an
Al stripetarget. The delayed interaction beam was focused on the left edge of the plasma, as shown schematically by the arrow (see
Fig.5.21), in a 140 um (FWHM) focal spot at an intensity of 5.8" 1013 W/cm?2. The first frame, synchronised with the peak of the
plasmaforming laser pulses, shows X-ray emission from the plasma heating phase while the remaining three frames show the X-ray
emission due to the interaction of the delayed laser pulse with the preformed plasma[86].

X-ray emission takes place again when the interaction pulse strikes the preformed plasma. making the
interaction region “visible” in the X-rays. These results [86] indicate that a strong absorption of laser energy by
the plasma takes place in this small region. Therefore, absorption processes like inverse bremsstrahlung and
electron heat transport that account for absorption and propagation of the laser energy in the plasma can be
investigated by studying the features of X-ray emission for different plasmaand laser conditions.

5.5. Particles And High Energy Photons.

Beside X-ray emission originating from well known emission mechanisms, laser plasmainteractions also give
rise to the production of very energetic radiation, up to the gammaray region, as well asfast particles (electrons,
ions). In ICF experiments, fast neutrons are also produced by nuclear reactions taking place in the compressed
pellet. Depending upon the particular interaction regime, different particle accel eration mechanisms can take place
as described below.

5.5.1 - lons, electrons and alpha-particles

Fast ions can escape from the plasma with high energy due to plasma hydrodynamic expansion and to
ambipolar electric fields. The energy spectrum of ions consists of two components. The most intense component
corresponds to thermal ions, whose velocity is of the order of the hydrodynamic expansion velocity (107- 108
cm/sec), while the weak component corresponds to the ions accelerated in the ambipolar field to velocities greater
than 108 cm/sec.
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To measure the final velocity reached by the ions when they leave the plasma, time of flight techniques are
usualy employed. The method consists in recording as afunction of time the ion current generated when the ions
reach the collector surface of the detector. In order for this measurement to be accurate, the time of flight must be
much greater than the characteristic ion emission time and the target-detector distance must be much greater than
theion source size. Laser produced plasmas can be considered as a point source emitting an instantaneous burst
of ions. Inthiscase, considering a detector temporal resolution of 10ns and a target-detector distance of 100cm,
theion velocity is »108cm/sec and can be measured with arelative error 1%.

The use of this technique requires several precautions. First of all, since the particle density scales as the
inverse square law of the target-detector distance the maximum distance is limited by the detector sensitivity.
Secondly, since laser-plasmas are also sources of electrons, such measurements require the electron and ions
components to be separated. This can be accomplished by using a metallic grid with a cell size smaller than the
Debye length relative to the electron density at the detector position. Finally, if quantitative information on the
parameters of the expanding plasma has to be obtained from time of flight detectors, the ion charge states has to
be measured simultaneously.  For this reason the time of flight detector is usually coupled with a mass
spectrometer that enables the measurement of the average charge and relative atomic mass as a function of the
velocity of theions. Finally it should be emphasised that charge collector signals may be strongly influenced by
the recombination in the expanding plasma [129]. This effect can be strongly reduced if a high vacuum is
ensured in the flight region.

The particles emitted by laser irradiated targets can also be used to produce images of the source. Simple
devices like pin-hole cameras (see 8 5.4) alow to obtain good spatial resolution. For instance, a-particleimages
of thermonuclear burn region of laser imploded D-T filled micro-spheres have been made [130]. Also, the
angular distribution of fast ions emitted by the corona of spherical shell targets has been studied [131].

A powerful imaging technique for laser fusion experiments is the so-called zone plate coded imaging (ZPCl)
[132]. The principle of this technique isthe following. The source emits radiation which is registered by an
appropriate position sengitive detector.  The information on the detector is coded by a plate with transparent and
opaque areas chosen according to predetermined algorithms. The image is then unfolded using the known
algorithm. Usually a Fresnel zone plate is used, so that the reconstruction process can be carried out rather
simply with alaser beam. The most attractive features of thistechnique are its highradiation collection efficiency,
the applicability to a broad class of incoherent radiation including g-rays and the capability of producing three-
dimensional images of the source.

Laser produced plasmas are also important sources of free electrons. Electron emission can have thermal or
non-thermal origin (see § 3.2.6), depending on the physical mechanisms responsible for energy absorption during
the laser-plasmainteraction [133].

5.5.2 - Hard X-rays and y-rays from super-hot electrons

The energetic particles produced during | aser-plasmainteractions generate, viael ectromagnetic interaction with
plasma particles, energetic electromagnetic radiation typically in the hard X-ray and g-ray region. The most

important mechanism responsible for the conversion of the particle kinetic energy in electromagnetic radiation is
the bremsstrahlung (see Section 4.1). In addition, in the case of thermonuclear plasmas, i.e. in plasmas where
nuclear reactions take place, g-rays are directly produced by nuclear transitions.
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The production of intense hard X-ray and g-ray radiation is of particular interest in the interaction of intense,
short and ultra-short laser pulses with plasmas. In fact, it has been shown that plasmas produced by ultra-short
laser pulse interaction with solids [93] and gas jets [134] emit hard X-rays with photon energies extending
beyond 1MeV.

A recent experiment [42] has clarified the role of absorption mechanismsin the fsinteraction regime showing
that X-ray emission strongly depends on the polarisation of the incident laser light. In this experiment, hard X-ray
Spectroscopic measurements were carried out on a single laser interaction event by using a low noise, high
dynamic range CCD detector working in a single photon measurement. The image of Fig.5.24 shows the pattern
generated on the CCD by the radiation produced during the interaction of a 150 fs laser pulse with a very thin
(0.08 um) plastic target at an intensity of 5° 1017 W/cm2. Each spot on the image corresponds to the capture of a
photon with consequent production of charge.

Oncethe effect of low energy and light cut-off filters and the physics of interaction of X-ray photons with the
detector have been taken into account, the charge distribution can be de-convoluted to obtain the photon spectral
distribution. The histogram of Fig.5.25 showsthe result of the analysis of the pattern of Fig.5.24 in terms of the
number of photons detected in a given energy range as a function of the photon energy. Two distinct photon
energy components are revealed by the measurement, athermal one around the 1keV region and a hot, intense
component, peaked around 50keV and extending up to the 100keV region.
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Fig.5.24  Output pattern produced by hard X-ray radiation on a single photon detector based upon alow noise, high dynamic
range CCD array. The X-rays were generated by the interaction of a 150 fs laser pulse with a very thin (0.1 pm) plastic target at an
intensity of 5° 1017 W/cm?.

As aready mentioned above, this study also provides adirect way of controlling the X-ray flux generated by an
interaction event, based upon the control of asimple optical parameter, i.e. the polarisation of the incident laser
pulse. In fact, as shown by the plot of Fig.5.26, the X-ray intensity in condition of P-polarisation was found to be
approximately two orders of magnitude greater than in the case of S-polarisation. These results, together with the
measurements on second harmonic emission [44] give a detailed understanding of the role played by absorption
mechanisms and in particular by resonance absorption in the transfer of energy from the laser pulse to the target.
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Fig.5.25 Histogram of the number of X-ray photons as a function of the photon energy obtained by the analysis of a single
exposure of a CCD detector working in single photon detection regime (see Fig.5.24). The quantum efficiency of the detector shown
in the plot has been taken into account in the evaluation of the incident X-ray spectrum [44].

More recent experiments have shown that by using even shorter pulses, photons with MeV energies can be
easily generated at high laser intensities. In fact, recent models predict a hot electron temperature, i.e. the
characteristic temperature of the high energy component of the electron distribution velocity, given by
Th = mC(y osc - 1) @0.51]{(1+ 16/1.37)" - 1] MeV wherem and ¢ are the electron mass and the velocity of light

respectively and vy .. istherelativistic Lorentz factor of the electron oscillating in the laser electric field. In the
numerical formulay . is expressed in terms of |sg, i.e. the laser intensity in units of 1018 W/cm2. Recent
measurements [49] of the photon spectrum in the MeV region performed using a 400fs laser system at 1.06um
focused onto solid targets at intensities greater than 1019 W/cm?2 show agreement with this prediction.
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Fig.5.26 X-ray yield asafunction of the polarisation of the 150fs laser pulse incident on a 800 A thick plastic target. The laser
intensity on target was 5" 1017 W/cm2. The polarisation of the laser light was varied gradually from S to P by rotating a half wave-
plate placed on the incident beam, before the focusing optics [44].
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Finally we observe that very recent experimental measurements [50] on the interaction of high contrast, ultra
short (30fs) laser pulses with thin plastic foils, show evidence of the production of MeV photons even at lower
laser intensities (1018 W/cm?2), suggesting that additional mechanisms may lead to enhancement of high energy
photon generation [54].
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6. APPLICATIONS

6.1. X-raysin science, technology and medicine.

Since their discovery acentury ago, x-rays have played avery important role in many aspects of our lives. For
example, through X-raysit is possible to reveal inaccessible details in biological structures and non destructive
characterisation of newly developed materials via X-rays is now routinely performed. More advanced X-ray
spectroscopic and diffraction techniques enable matter to be probed at a microscopic level. The great advances of
the last decades in the application of X-rays are due to the following aspects. Firstly, new X-ray production
technigues have given rise to a wide range of sources with different physical properties. Secondly, thanks to the
progress of material science, x-ray optics is now effectively enabling the manipulation of X-ray radiation in a
fashion similar to conventional optics. In addition, X-ray detection and analysis techniques have developed
dramatically so that X-ray imaging and spectroscopy with very fast temporal resolutions are commonly available.

From the point of view of laser-plasma sources, the recent advances in short pulse laser and X-ray optics
technology is giving agreat impulse to the application of fast X-ray analysis in medicine, biology, biophysics,
material science, technology and electronics. The extension of high power short laser pulses to the femtosecond
regime now allows the production of hard X-rays and g-rays up to the MeV region. On the other hand, grazing
incidence, multi-layer and zone plate optics are now widely used to concentrate X-rays or to perform high
spatial/spectral resolution imaging. These advances make |laser-plasmas a flexible, inexpensive and high brightness
X-ray source. In addition, due to the high repetition rate of presently available lasers, repetitive X-ray pulseswith
very high average power can be generated. X-ray lithography, time resolved measurements in atomic and molecular
physics, photochemestry and photobiology are examples of applications of such regime. Most of these
applications ask for techniques capable of working with X-rays in aregime as close as possible to the diffraction
limit, either for flux concentration or for imaging purposes. X-ray microscopy comprises all these requirements
and can be regarded as one of the basic and most promising application of X-rays.

6.1.1 - X-ray microscopy

In principle, X-rays microscopy is capable of spatial resolutions comparableto that electron microscopes, with
the additional great advantage of much higher contrast [135]. In fact, high resolution (»5A) can be achieved today
by electron microscopes, but the small penetration depth of electrons and the weak dependence of attenuation
lengths upon the atomic number require a complex preparation (thinning, heavy metal staining, dehydrating). Such
a pre-processing makes the observation technique somewhat indirect, since specimens cannot be studied in their
natural environments. In contrast, X-rays are much more penetrating and the attenuation lengths are strongly
dependent upon the atomic number. In fact, while e ectron beam and the atomic strength microscopes can give only
surface information, soft X-ray microscopes alow information on a surface layer few wavelengths deep to be
obtained.

In principle, the spatial resolution of X-ray microscopy compared to ordinary optical microscopy can be higher
by afactor |, /1 « »10°. In practice, present X-ray optics technology (Fresnel optics) istill far from such limit.
Nevertheless, although the spatial resolution of an X-ray microscope is lower than that of an electron beam
microscope or an atomic strength microscope, the use of X-rays to probe matter provides invaluable
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complementary information. For these reasons, there isagrowing interest in radiation sources of high brightness
in the soft and hard x-ray regime for applications in several fields of physics, material sciences, biology, and
medicine.

The plot of Fig.6.1 shows the absorption coefficient as a function of the photon energy for el ements of interest
in biological and medical applications. The so called water window ranges from the oxygen K-edge at 2.3 nm to
the carbon K-edge at 4.4nm.
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Absorption coeff (1/pm)
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Fig.6.1. Absorption coefficients of Carbon and water (Oxygen) plotted as a function of the photon energy. The large difference
between the absorption coefficients in the so called water window enables high contrast imaging of biological samples

According to Fig.6.1, photons in water window are much more effectively absorbed by carbon rather than by
water. Therefore, thisradiation isideal for the observation of carbon based organic compounds immersed in weter,
asin the case of the sub-structures of aliving cell or other biological samples. This circumstances, together with
the sufficiently high penetration depth, enable high contrast X-ray imaging of micron sized hydrated specimens.

6.1.2 - Advantages of LPP X-ray sources

In general, laser-plasma X-ray sources provide unique advantages when high power, short pulse X-rays are
needed or when accurate timing and/or synchronisation is required. Also, these sources are very advantageous in
applications that require reduced capital costs compared to synchrotrons. Very important are the applications of
laser-plasma X-rays in the radiography of the dense plasmas typical of inertia fusion experiments where
picosecond timing is required along with large power and relatively energetic X-rays. Other applications that make
use of a single X-ray pulse regime of high brightness include X-ray microscopy, X-ray fluorescence and
radiography of biological systems[136]. Recently, the application of ultra-short pulse laser-generated hard x-rays
to medical imaging and in particular to mammography and angiography, has been examined [137]. These studies
show that, by using time-gated detection, scattered radiation can be strongly reduced [138] resulting in improved
image quality with possibly reduced patient exposure.

On the other hand, the high brightness of laser-plasma X-ray sources, joined to their short duration, makes
these sources ided for the radiography and X-ray microscopy of micro-biological systemsinvivo [139]. In fact,
conventional X-ray sources do not allow the radiography of these systems to be performed, because the X-ray
energy required for the detectorsis so high that the micro-biological system is destroyed during the irradiationand
itsimage on the X-ray detector results blurred. If a pulsed X-ray source is used whose pulse duration (»1ps) is
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much shorter than the characteristic time of hydrodynamic expansion (»1ns), the image will be clear becauseit is
recorded before the "explosion” of the sample.

6.1.3 - Progressin the design of LPP X-ray sources

One of the problems to overcome when using laser-plasmas as radiation source is the effect of plasma debris
gjected during the interaction. To this purpose severa solutions have been proposed and implemented. A buffer
gas transparent to the radiation of interest is used close to the plasma, which effectively stops the high-speed
atomic debris particles due to momentum transfer in multiple collisions. Another method consists in using a thin
tape laser targets, which emit most of the debris safely backwards, while X-UV rear-side radiation is collected
basically unaltered in the forward direction [113]. A third method involves the use of a fast rotating disc target
[140] which adds additional side ward momentum to the larger debris particles, thereby creating an angular zone
which is free from the harmful larger particles. Incidentally, this method is also promising for debris free laser
deposition of thin films.

Finally, another scheme has been proposed [141] that consistsin utilising amicroscopic liquid droplet as target.
It has been found that this technique enables the debris production to be reduced significantly. Firstly, the limited
thickness of the target resultsin an elimination of the shock waves, typically generated in asolid bulk target, with
conseguent reduction of gection of molten material from the surface. Secondly, since the whole target isionised,
the residual debris mainly consists of ions and atoms that can be easily stopped. These targets have been
successfully employed (see [142] and references therein) for the generation of X-ray radiation applied to X-ray
lithography and microscopy [143].

6.1.4 - Examples of applications of LPP X-rays

An important and promising application of laser-plasmas is the micro-lithography. It consists of a shadow
printing process in which the fine features of an electronic circuit are transferred by X-ray exposure with a 1:1
magnification from a mask to the resist-coated S wafer. Since the minimum spatial features are essentially
determined by diffraction effects of the radiation employed for the process, the use of X-ray radiation alowsto
reduce the dimension of such features by afactor of 103 with respect to optical radiation. As a consequence the
density of the fine features on the Si wafer can increase by afactor 106. Thisisatypical application in which a
high average power laser-plasma X-ray source driven by a high repetition rate laser may be preferred to a
synchrotron source, dueto its lower capital cost. Recently, extreme UV [140] and soft X-ray [144] lithography
have demonstrated the possibility of producing resist structures as small as atenth of amicron.

Recently, a collaboration [145] between the Rutherford Laboratory (UK), the University of Edinburgh, the
Kings College (London) and Leica (Cambridge) has successfully employed the RAL X-Ray Source to produce by
X-ray lithography a 200 nm gate structure in afield effect transistor as shown in Fig.6.2 .
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Fig.6.2  Patterned 200 nm doped polysilicon gate electrode produced by laser x-ray lithography. The x-ray lithography was
carried out using 1:1 printing through an x-ray mask and employing the 1 nm x-ray source at RAL [145].

The RAL X-Ray source produced 100 mW of x-ray power at a wavelength of 1 nm by focusing a train of
picosecond KrF laser pulses onto a copper tape target. The resulting device showed excellent performance and
demonstrated that the laser produced x-ray sourceis a credible candidate for the future 1 Gbit technology.

Laser produced plasma X-rays have also been proposed [146] for standards and metrology applications in the
soft X-ray range. Fig.6.3 shows a schematic set up of areflectometer for measurement of X-ray reflectivity of
samples. The X-ray radiation is generated by the interaction of a 8ns, 10 Hz repetition rate, frequency doubled
Nd:Y ag laser focused onto arotating target at an intensity of approximately 1013 W/cmZ2. The X-ray radiation is
collected and collimated by a cylindrical mirror and sent onto a grazing incidence grating which selects the
required photon energy to be relayed in the reflectometer chamber. Systems like this one can provide a
continuously tunable source of radiation and are a convenient alternative to synchrotron radiation.

Spherical
grating

Grating
aperture Target
chamber

I, beam
monitor/
filter
chamber  High throughput

Reflectometer monochromator
chamber

Detector

Cylindrical
mirror

Nd: YAG Laser
532 nm

Fig.6.3. Schematic arrangement of a reflectometer based upon laser produced plasma X-ray source. The laser is focused upon a
rotating target rod. The monochromator collects and selects the required photon energy [146].
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Specia attention is being devoted recently to the possibility of using ultra-short, laser-plasma X-rays to probe
fast chemical reactions. Ultra-fast hard x-rays pulses (1.5 ps FWHM) from a laser driven plasma have been used
to probe [147] photo-induced dissociation of SF6 molecules, detected by ultra-fast near-edge x-ray absorption
spectroscopy.

6.2. Main X-ray sour ces.

Present laser technology delivers table top high power laser systems capable of generating pulses ranging
from several nanoseconds down to afew femtoseconds, i.e. over six orders of magnitude. In the ultra short pulse
regime, in particular, the power can easily be at the Terawatt level giving a power density at focus up to 1020 Wemr
2, From what discussed so far, it is clear that the properties of the X-ray source will be strongly dependent upon
the particular regime, i.e. pulse-length and power density, chosen. These circumstances giveto laser-plasma X-ray
sources an enormous potential in terms of flexibility of basic radiation source parameters like spectrum, duration,
flux, size etc. These properties should be then compared with the performances of other commonly used X-ray
sources, namely conventional X-ray tubes and synchrotron radiation.

6.2.1 - X-ray tubes.

In such tubes abeam of electrons, accelerated by electric fields up to tens of keV, impinges on a metal anode.
The electron impact on the target produces Bremsstrahalung continuum, and inner shell emission. The spectrum of
the Bremsstrahlung continuum essentially depends on the value of the accelerating electric potential, while the
spectrum of the shell emission depends on the electric potential and the anode material. Up to the early fifties these
incoherent X-ray sources have been the only available ones for research and applications. Today they are still
employed in medical diagnostics and in applications that require a CW X-ray source.

The spectral brightness of these conventional X-ray tubes can vary over two orders of magnitude going from
the traditional stationary-anode tube to the rotating-anode tube up to the brightest rotating-anode tube with micro
focusing [148]. In addition, due to their spectral sharpness, line emission can overcome the continuum up to a
factor of 104. One way of characterising an X-ray source is to give the photon flux per unit solid angle in a
bandwidth DI /I =10-3. Thisis referred to as spectral brightness and is regarded as the most relevant figure of merit
of an X-ray beam. For example, for the Cu K-shell emission a spectral brightness up to 1010 photons s'1 mm-2
mrad2 (0.1% bandwidth)-1, can be reached in a conventional X-ray tube.

6.2.2 - Synchrotron radiation.

Synchrotron radiation was first observed as a parasitic emission from an electron synchrotron accelerator
[149]. Since then many accelerator facilities have been built to provide this kind of radiation for scientific purposes
and applications. Theradiation is produced when electrons, forced to follow acircular path by means of magnetic
fields, undergo aradia acceleration. The radiation emitted by an electron beam of relativisticenergy circulatingin
ultra-high vacuum is very powerful into the X-ray range. Moreover thisradiation is strongly directional in the
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forward direction tangential to the electron orbit, and is highly polarised in the plane of the orbit. The natura
radiation opening angle, in the plane perpendicular to the orbit planeis

1
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where m, isthe electron rest massand E the beam energy. The horizontal divergenceis determined by the width
of the dit used to define the angle D6 from which radiation is taken.

Synchrotron radiation facilities are usually built around storage rings in which an electron beam, pre-
accelerated by alinear accelerator followed by a synchrotron accelerator, isinjected and accumulated, up to afew
hundred mA current. The storagering is an ultra-high vacuum tube consisting of arcs of circle joined by straight
sections.  In the turning points there are high magnetic field dipole bending magnets, which keep the electronsin
their orbits. Light is generated at the turning points and is extracted through gaps in the magnet yokes. The
radiation then impinges on a grazing incidence grating and the required frequency is selected by a dlit and then
used at the experiment station.  In the straight sections of the ring there are RF cavitieswhich provide the el ectron
beam with the energy lost through radiation emission. The RF accelerating cavities produce the bouncing of the
electron beam into short packets of current.  So, synchrotron radiation isin the form of atrain of pulses, typically
50-500 ps long, separated by alonger period, 2ns-1s, depending on the ring parameter.

The spectrum of the radiation extracted from a bending magnet is a continuum, similar to that of a blackbody.
To characterise this spectrum it is useful to introduce a critical wavelength | ¢, defined as the wavel ength which has
half the emitted power above and haf below it. The maximum of theemission isat Ama =2Ac/3 and, for afully
relativistic electron beam, the following relationships hold:

_27 o E
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wherel ((nm) isthecritical wavelength, r (m) is the magnetic bending radius, B(T) is the magnetic bending field
and E(MeV) isthe electron energy. For typica values of a storage ring, B=1 tesla, r =5m, so the electron energy
isE=1.5GeV, whilethe critical wavelength | =0.8nm.

The quite large dimension (several metresin diameter) and cost of a conventional storage ring for synchrotron
radiation make this source suitable only for large facilities. The use of a higher magnetic field (»5tesla) by means
of super conducting magnets allows to reduce the size of the storage ring to a few metres in diameter. The
reduced dimensions make this synchrotron radiation sources accessible also for smaller research |aboratories.

In order to enhance the brightness in the X-UV region, periodic magnetic structures may be inserted in the
straight sections of a storage ring in order to produce oscillations of the electron beam in the plane of its orbit.
There are different types of structures and are referred to as the wavelength shifter, the wiggler and the undulator.
The wavelength shifter consists of athree pole magnet with a magnetic field much stronger than a bending magnet.
As a consequence of the stronger magnetic field the critical wavelength is shifted to a shorter value, even if the
source brightness stays the same. The other two insertion devices (wiggler and undulator), consist of multipole
magnetic structures that induce on the electron beam several oscillations and are capable of increasing the source
brightness.  In the case of a wiggler the process of radiation amplification is incoherent and therefore the
brightnessis 2N times higher than that a single bending magnet, where N is the number of the magnet periods.
The brightness of undulators can be enhanced by afactor up to N2 compared with a single bending magnet of the
same magnetic field. In addition the undulator radiation is highly collimated and is aimost laser-like. As an
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indicative example of brightness, we consider the radiation from a synchrotron source [150]. Typical values of the
spectral brightness, in the energy range 0.1-5 keV, are 1015 photons s1 mm-2 mr-2 (0.1% bw)-1 for the bending
magnet source, 1016 for the wiggler, 1017-18 for the undulator.

6.2.3 - Comparison of X-ray sources

Until afew years ago, laser produced plasma X-ray sources were regarded as the brightest pulsed sources
while synchrotron radiation, due to their high repetition rate available, were considered the sources with the highest
time averaged brightness[151, 1]. Due to the dramatic increase of the repetition rate of presently available ultra-
short laser systems, the average power of laser plasma X-ray sourcesis also increasing rapidly and is becoming
more and more competitive. In addition, the combination of high power and short pulse durations makes it
possible to extend the emission of LPP sources to the high photon energy, i.e. in a region inaccessible to both
synchrotrons and conventional X-ray tubes. On the other hand, the peak laser power accessible today and the
recent discovery of new X-ray generation mechanisms including high order harmonics from gas jets and solids,
offer aunique tool for generating the brightest pulses of coherent, soft X-ray emission.

Clearly, the X-ray sources described above are characterised by different properties and therefore a direct
comparison cannot be made. However, it isinstructive to compare the average and peak spectral brightness of these
sources in the spectral range from 1-106 eV. Fig.6.4 shows schematically the regions of average brightness vs.
photon energy for different sources. The boxes labelled “undulators’ and “Bending magnets and wigglers’
represents schematically the output features of several installationsincluding the European Synchrotron Radiation
Facility (Grenoble, France), the Advanced Light Source (Lawrence Berkeley Laboratory, USA) [150] and the
National Synchrotron Light Source (BNL, Brookhaven, NY USA).
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Fig.6.4. Schematic comparison of average spectral brightness for synchrotron radiation sources, conventional x-ray tubes and
laser plasma X-ray sources including estimates from recent experiments with ultra-short pul ses.

The parameters of standard laser produced plasma X-ray sources are those typical of European laboratories
including the X-ray and UV Laboratory at Rutherford Appleton Laboratory (UK), the Laser Plasma X-UV source
at the FOM Institute for Atomic and Molecular Physics (The Netherlands). In these cases high average power
KrF excimer laser beams (e.g. 100W average power, »1J, »10 ns pulses at »100 Hz repetition rate) are focused
onto high Z target (e.g. W or Au) at a peak pulse irradiance of 1»1012W/cm?. Finally, the box corresponding to
X-ray emission from fs interactions refers to the results obtained in recent experiments [93, 52, 106, 152]
performed using femtosecond Ti:Sapphire lasers operating in laboratories world-wide and in European laser
facilitiesincluding the Laboratoire d'Optique Appliquée ENSTA (France) and the Lund Institute of Technology
(Sweden). In general we can say that the average brightness of continuum and line emission from laser plasmasis
severa orders of magnitude higher than the corresponding emission from conventional X-ray tubes. The storage
ring source is sizeably brighter than standard laser-plasma sources. If low repetition rate (»10Hz), multi TW
femtosecond lasers are used, the emission shifts towards the higher energy. In this case, higher average
brightnesses rely on the availability of higher (kHz) repetition rate lasers. In general, we can state that laser-plasma
X-ray sourcesare very attractive as alow cost laboratory X-ray generatorsin the 1-10KeV spectral range and in
particular when accurate (ps) synchronisation isrequired.
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Fig.6.5. Schematic comparison of peak spectral brightness for synchrotron radiation sources, conventional x-ray tubes and laser
plasma X-ray sources including estimates from recent experiments with ultra-short pul ses.

In the pulsed regime the X-ray tubes show a peak spectral brightness several orders of magnitude lower than the
other available sources. As shown in Fig.6.5, the peak spectral brightness of |aser-plasma continuum exceeds that
from the bending magnet source while the undulator brightness is still greater than X-ray emission from laser
produced plasmas. Line emission from laser plasmas becomes competitive with the corresponding undulator
emission over awide range of photon energies. The plasma X-ray laser is the brightest source in the soft X-ray
region, being orders of magnitude brighter than both undulator emission and high order harmonics. The latter
however, isthe brightest source of coherent, soft X-ray radiation easily accessible on alaboratory scae. It is orders
of magnitude higher than both laser-plasma X-ray continuum and line emission at wavelengths shorter than 100 A.
In fact, in this spectral range, the lower intrinsic conversion efficiency of harmonics generation is largely
compensated by their narrower bandwidth. Finally, femtosecond laser driven sources extend the parameter range
of pulsed, ultra-bright, hard X-ray sourcesto the MeV region.
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/. CONCLUSIONS

Theinteraction of intense laser light with matter is now widely recognised as the most versatile and promising
way of generating intense pulsed X-ray radiation. The scale of presently available laser systems required to set up
apowerful X-ray sourcein asmall size laboratory, has made it possible to conceive and devel op a wide range of
multi-disciplinar applications. Further, the fast development of powerful lasers towards higher efficiency and
compact designs is giving a strong impulse to the implementation of LPP X-ray sources in advanced industrial
applications.

On the other hand, an intense activity is being devoted to this field by many laboratories world-wide within
internationally co-ordinated programmes. These joint initiatives are continuously producing important scientific
results. Hard X-ray emission and high order harmonics from fs interactions are only examples of recent
achievements of laser-matter interaction studies which represent a breakthrough in thefield of X-ray generation.
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