Chapter 10

Diagnosing Intense and Ultra-intense
Laser—Matter Interactions: Status and Future
Requirements

Leonida A. Gizzi

Abstract In this chapter we describe experimental techniques for investigating
laser—matter interactions that have been developed in recent years within the frame-
work of international collaborations. We introduce phenomena observed in the wide
range of interaction regimes and plasma conditions, including long-scale-length
plasmas, laser—plasma coupling in inertial fusion studies, and electron accelera-
tion driven by ultrashort pluses. We focus on laser—matter interactions, particularly
laser—solid interactions and laser—gas jet interactions. We also discuss in details the
temporal and spatial features of laser pulses amplified by the chirped pulse amplifi-
cation (CPA) technique (Strickland and Mourou, Opt. Commun. 56:212, 1986) with
special attention to the properties that play an important role in laser—solid interac-
tions, including pulse duration, contrast, prepulses and focusing configurations.

We investigate plasma formation and plasma density evolution by optical inter-
ferometry techniques. We also discuss techniques for recovering information on
plasma density evolution when optical interferometry with ultrashort pulses is
adopted. Further, we introduce time-resolved X-ray spectroscopy of plasmas gen-
erated by ultrashort laser pulses, then we describe recent measurements of fast
electron transport in solids conducted by using a novel monochromatic imaging
technique. Finally, we briefly analyze some future instrumentation requirements for
investigating laser—matter interaction when femtosecond laser pulses are adopted.

10.1 Introduction on Ultra-Intense Laser—Matter Interactions

When an intense, short laser pulse is focused on a solid target, several features of the
pulse have to be considered because there are many mechanisms that can take place,
and the dominating ones need to be identified. Among others, consideration needs
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to be given to the prepulse features, long pulse to short pulse contrast, prepulses, and
so on. As discussed later in the chapter, one of the key applications of intense, short
laser pulses is the fast ignition (FI) approach [1,2] to inertial confinement fusion
(ICF) where ultrahigh intensity interaction is used to generate energetic (MeV) elec-
trons that propagate in the compressed core and initiate the nuclear fusion reactions.
In these circumstances, there is a great interest in understanding how fast electrons
are produced, how they propagate in the target substrate, how they transfer their
energy to the compressed material, what is the production efficiency, and what frac-
tion of their energy can be dumped in the target. All these features depend strongly
on the conditions thag the laser pulse finds on the target surface; and after genera-
tion of the electrons begins, their transport will be affected by several mechanisms,
including the electron beam parameters and the resistivity of the material.

This leads us to take a close look at CPA lasers. In typical CPA systems based
upon Ti:Sa, a nJ-level femtosecond, ultrashort laser pulse, generated by an oscil-
lator, is stretched in a dispersive medium (e.g., optical fiber, gratings) to reach the
sub-ns pulse duration. As shown in Fig. 10.1 for the case of the ILIL laser system
at INO-CNR, in these systems a stretched seed pulse is preamplified by a high-gain
preamplifier, typically a so-called regenerative amplifier. The mJ level pulse thus
generated is further amplified in a multipass configuration and then optically com-
pressed, typically using a grating compressor. A view of the multipass amplifier
(right) and of the vacuum compressor of the femtosecond laser system at ILIL taken
during test operations using a remotely controlled camera is shown in Fig. 10.2.

In general, such lasers are characterized by the so-called pedestal, due to ampli-
fied spontaneous emission (ASE), which is characterized by a nanosecond temporal
duration. Then, there are some features of the pulse that arise from limitations in the
optical compression of the stretched, amplified laser pulse due to grating imperfec-
tions. Finally there are low energy pre- and postpulses and, of course, the main pulse.
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Fig. 10.1 Schematic layout of the FIXER femtosecond laser system at ILIL, showing the front-end
and the power amplifier
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Fig.10.2 Images of Ti:Sa femtosecond FIXER laser system at the ILIL lab at INO-CNR, Pisa. On
the right is a view of the 6-pass amplifier showing the pumping beams (green) and the fluorescence
of the Ti:Sa crystal (red). On the left is a view of the inside of the vacuum compressor showing
one of the gratings with the patterns of the forward- and backward-propagating 800 nm beam

The most important feature to be considered in CPA laser—target interactions is
indeed the ASE that can deliver a significant amount of energy on target before
arrival of the main short pulse, at intensity that can lead to premature plasma for-
mation [3]. The temporal profile of a typical CPA pulse appears as seen in Fig. 10.3
with the ASE contrast, 1.e., the ratio of the peak intensity to the ASE intensity rang-
ing from 10° to a best performance of 10'? in recent, contrast enhanced systems.
For high focused intensities of up to 10%° W/cmz, the ASE level will range approx-
imately from a minimum of 10! to a maximum of 10" W/cm?. In the case of
interactions with solid targets, these intensities generate a precursor plasma on the
target. If no measures are taken to prevent this, the CPA pulse will interact with the
preformed plasma generated by the ASE rather than with the solid target surface.

Recently, effective techniques have been developed to suppress precursor radi-
ation and prepulses to increase the contrast. With regard to ASE, one of these
techniques 1s the plasma mirror, the effectiveness of which has been established
by recent experiments with ultrathin foil targets [4]. Presently, the only drawback of
this technique is the limited repetition rate because the surface on which the plasma
mirror 1s generated has to be replaced at every shot.

Figure 10.4 shows an example of a more realistic temporal profile obtained from
a third-order cross-correlation measurements of the front end (10 mJ) output of the
FIXER (Femtosecond Interaction X-ray Emitter) laser system. In this case the pulse
1s compressed after a two-stage amplifier including the regenerative amplifier and
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Fig. 10.3 Schematic profile of laser pulse power on a linear scale (left). The same laser pulse tem-
poral profile plotted on a log scale (right) shows low power features due to amplified spontaneous
emission in the amplifier chain and spurious light due to imperfections in the optical compres-
sion. These components, depending on the experimental configuration, can give rise to premature
plasma formation on the target with a consequent change of interaction conditions
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Fig. 10.4 Laser pulse contrast measurement obtained from third-order cross-correlation trace of
the ILIL FIXER laser pulse after a two-stage amplification (10 mJ). Measurement by Amplitude
Tech using a SEQUOIA cross-correlator

a two-pass amplifier that works in a relatively low-gain (3X) regime. According to
this profile, the FIXER laser system has a contrast between 10% and 10°.

The cross-correlation trace also shows low-intensity short pulses preceding the
main pulse. These pulses are unlikely to play a crucial role in the interaction, even
in the case of solid targets, because of their short duration that, in the worst case,
will lead to generation of a very small, cold plasma. Clearly visible in the plot is the
main pulse appearing at about time zero, followed by post pulses.
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To study the effect of such complex structure of femtosecond pulse profiles,
experiments have been performed using thin plastic foils as targets. A range of exper-
iments performed in the past two decades used this technique for generating test
plasmas with long-scale-length plasmas. In fact, when the laser intensity on a foil
target is higher than the damage threshold of the foil, the foil explodes and is then
heated by the laser radiation. This method was used to create conditions that are
similar [5] to ICF coronal plasmas where the fuel pellet is heated and a plasma
is created all around. The use of exploding-foil targets was found to be effective
to achieve coronal-like plasmas for laser—plasma coupling studies. In the case of
irradiation by long pulses, a simple analytical model [6] can be used to obtain the
expected values of density and temperature scale lengths of these plasmas in a self-
similar expansion model. Alternatively, numerical codes [7, 8] can be used to obtain
full description of the expected hydrodynamics of the plasma produced by laser
irradiation of such foils.

In the case of irradiation with femtosecond CPA pulses, thin foil plastic targets
have peculiar properties owing to their higher damage threshold (in comparison with
metallic targets) and remain therefore undamaged up to relatively high intensities,
typically between 10'! and 10'2 W/cm?.

Since thin plastic foils are optically transparent, if the laser intensity is increased
starting from well below the damage threshold, the electric field of the electromag-
netic (e.m.) wave will be allowed inside the target. Thus, interaction with the volume
of the target (rather than with the surface) will take place. In general, if the inten-
sity of ASE on target is below the damage threshold for the thin foil, one may have
a condition in which no precursor plasma is generated and interaction of the main
pulse with a steep density gradient on the target may be achieved. When preplasma
free conditions have been achieved at very high peak intensity, anomalous prop-
agation effects have been observed showing unexpectedly high transmissivity and
large ionization blue shift [9]. Absorption of the laser energy by the target will occur
mainly at the critical density due to resonance absorption or the Brunel effect [10]
and fast electrons will be generated directly or by the collision-less dumping of the
resonantly excited electron plasma waves. As discussed below, these circumstances
can be verified by investigating the polarization dependence of secondary radiation
like X-rays and/or laser harmonics [11].

In contrast, at sufficiently high ASE levels, the thin foil will be exploded by
the ASE prior to the arrival of the main pulse. In these circumstances, the above-
cited analytical and numerical models can be used to estimate the conditions of the
precursor plasma generated by the ASE, so that CPA pulses interact with known
plasma conditions. A similar scheme has been used to successfully perform laser—
plasma electron acceleration experiments [12].

In the following we present a few examples of the use of thin foils and how to
diagnose the interactions. The first is a simple experiment in which a femtosecond
laser pulse is focused on the target and X-ray and optical emission is detected to
characterize the interaction in different linear polarization conditions. In fact, if the
interaction does not suffer from excessive precursor plasma, then the pulse can reach
the critical density. In this case, the absorption mechanisms, which are expected to
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take place, will be polarization dependent. Indeed, the experiment [11] shows that
a strong dependence on the polarization is observed by looking at both the X-ray
emission and the second harmonic emission from the specular reflection direction.
These measurements show that polarization studies provide an effective method to
identify the interaction mechanisms. On the other hand, when femtosecond laser
target interactions are used as X-ray sources [13] this method can possibly be used
to control the intensity of X-rays.

A possible scenario for the observed results is that energy absorption is domi-
nated by resonant [14] or not-so resonant absorption [10] as schematically described
in Fig. 10.5. Here we assume a relatively steep profile because of the expected low
level of ASE. Therefore, the plasma is generated either by the CPA pulse itself or
by picosecond-level prepulses shown in Fig. 10.3 (right). In either case, the gradient
will have a scale length of the order of a micrometer or less. If the incident laser
light is p-polarized, i.e., with the electric field in the plane of incidence, then at
the turning point the electric field points in the direction of the density gradient in
the target. In this way the laser field resonantly excite electron plasma waves at the
laser frequency [14]. Then the plasma waves undergo noncollisional damping pro-
cesses, thereby generating the so-called fast electrons, i.e., a population of electrons
with an energy significantly higher than the energy of the electrons in the rest of
the plasma. These fast electrons were observed many years ago in quite different
experimental conditions as described in [15] (and references therein) and are now
gaining importance, due to their potential role in the ICF FI scheme [1].

If metal targets are used instead of plastic (dielectric) targets, than even low levels
of ASE can generate a large preplasma that can change the interaction conditions,
making collisional absorption more effective [ 14]. ‘

However, at sufficiently high intensities, collisional absorption is suppressed due
to the high velocity of electrons quivering in the laser electric field [14]. In these
circumstances, even though there is a large plasma in front of the target, little energy
of the laser is transferred to the plasma until the laser radiation reaches the critical
density. Hence, the critical density is reached and the dependence on the polarization
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can still be observed. This is not the case when a long pulse or a low-intensity short
pulse with the precursor plasma are used.

Relatively thick targets are instead used for the generation of Ko radiation as an
X-ray sources for applications [13] and for the study of fast electron transport [16].
The basic idea here is to focus intense ultrashort laser pulses on a solid targets to
generate fast electrons as described above. These fast electrons propagate through
the cold target substrate and generate fluorescence Ka radiation that escapes from
the target. For an efficient production of Ka radiation, the target thickness is large
compared to the interaction processes, but is comparable with or smaller than the
range of the fast electrons. In fact, the requirement for an efficient, short pulse emis-
sion of Ka radiation is that electrons release the maximum possible energy in the
target and at the same time Ka radiation can escape from the target.

Also, in order to keep the duration of the Ko emission as short as possible, the
extension of the Ka emitting region should be small to limit collection of radia-
tion from regions where multiple scattering of electrons takes place, which would
increase the duration of X-ray emission. Hence, the thickness of the target should be
carefully matched to preserve the quality of the output X-ray pulse. Since the early
works on Ko sources [13], an extensive cross-disciplinary literature is available
demonstrating that laser-driven Ka sources are now commonly used for applications
in which short and ultrashort pulses are needed [17-21].

As discussed above, laser radiation may still reach the critical density provided
its intensity exceeds 10'7 W/cm? for one micron wavelength, which is the limit for
suppression of collisional absorption due to nonlinear effects. Under these condi-
tions, half-integer harmonic emission occurs as one of the signature features of this
regime. This emission originates from propagation of the laser light in the long-
scale-length plasma at the quarter critical density region where either two-plasmon
decay [22] or Raman instability [23] can develop generating longitudinal electron
plasma waves at half of the laser frequency. Nonlinear coupling of these plasma
oscillations with the e.m. wave of the laser at the fundamental laser frequency gen-
erates the 3/2 harmonic emission. If the critical density layer is reached, second
harmonic emission can still take place, mainly in the direction of specular reflec-
tion, provided that the critical density surface is not significantly distorted. From an
experimental viewpoint, the scattering of optical radiation in the specular direction
can be used to monitor the interaction in order to locate the regions where the most
effective laser—plasma coupling takes place.

An example of optical scattering for the (3/2)w emission is shown in Fig. 10.6.
This data was taken using the femtosecond laser system of the Laboratoire d’Optique
Appliquée (LOA) (in Palaiseau, France). Here, the optical spectrum was obtained
by collecting the radiation emitted in the specular direction, and by spatially resolv-
ing it in the direction perpendicular to the spectral dispersion axis. Space resolved
spectra like this can be used to identify the quarter critical density layer, provided
that electron plasma waves generated by SRS or TPD couple with the laser field
before significant propagation takes place [24]. An important conclusion of the
entire experiment in which this measurement was taken was that the emission at
(3/2)w was strongly correlated with the presence of a large preplasma. In other
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Fig. 10.6 Space resolved spectrum of specular (3/2)w emission from the interaction of a 35 fs
laser pulse at an intensity of 10" W/em? with a I-um thick plastic target. The intensity of the
ASE was 10'2 W /cm?, i.e., sufficiently high to lead to premature plasma formation. The spectrum
shows a very broad emission that is spatially localized on the position of the laser spot on target.
Both red and blue components are present

words, this emission could be used as a marker of premature plasma formation by
the ASE.

In the case of 2w, a similar situation takes place. In this case, the emission orig-
inates from the critical density layer and the structure of the emission can be used
to diagnose the interaction and to detect where the interaction is generated and
what are the main mechanism for the energy exchange between the laser and the
plasma wave.

An example of emission at 2w is shown in Fig. 10.7, where a space-resolved
spectrum of specular emission is displayed. The spectrum shows complementary
blue and red shifted components where the shift is likely to originate from a combi-
nation of propagation and ionization effects. We also observe that the pattern shown
in Fig. 10.7 is not reproducible from shot to shot, indicating that the regions from
which the emission originates change. This variability may also depends on the
laser beam stability and quality. In fact, if hot spots are present in the laser focal
spot, some of these hot spots may activate emission.

In the general case of laser interaction with solids, when second harmonic emis-
sion occurs, in general it is generated by interaction at the critical density region.
Another example of this emission is given in the plot of Fig. 10.8. It shows the
emission from the interaction of the JETT laser system at the Institute of Optics and
Quantum Electronics (I0Q) (Jena, Germany) with a 12- wm thick titanium foil. The
laser pulse in this case was 60 fs FWHM and the intensity was 10'° W/cm?. Visible
in the spectrum of Fig. 10.8 are both the 2w and the (3/2)w emission indicating non-
linear coupling of the laser light at the critical density layer as well as with electron
plasma waves at w/2.

A much similar situation is found also when significantly longer laser pulses are
used. The plot of Fig. 10.9 shows the spectrum obtained from interaction of a 500-fs
laser pulse using the TITAN laser at the Lawrence Livermore National Laboratory.

10 Diagnosing Intense and Ultra-intense Laser—Matter Interactions 285

Fig. 10.7 Space-resolved spectrum of specular 2w emission from the interaction of a 35 fs laser
pulse at an intensity of 5 x 10'® W/cm? with a 1-pm thick plastic target. The intensity of the ASE
was 10'2 W/cmz, i.e., sufficiently high to lead to premature plasma formation. The spectrum shows
a very broad (spectrally) and large (spatially) emission with complementary red- and blue-shifted
components
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Fig. 10.8 Spectrum of optical scattering from laser interaction of a 60 fs laser pulse at an intensity
of 101° W/cm2 with a 12-pum thick solid target. The spectrum was taken with a spectrometer capa-
ble of resolving the entire visible range, showing simultaneously the 2w and the (3/2)w emission
components

In this case, a solid steel target was irradiated at an intensity exceeding 10'® W/cm?.
Clearly visible in the spectra are the second harmonic and (3/2)w emissions. In this
case, the 5/2w emission is also visible, indicating a stronger nonlinear coupling of
the laser e.m. field with the plasma waves.

Additional measurements performed with the same experimental also show that
the second harmonic emission spectrum obtained from the steel target is broader
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Fig. 10.9 Spectrum of the radiation emitted from interaction of a S00-fs laser pulse at 10'* W/cm?
with a solid (steel) target. The spectrometer was set to detect the radiation emitted in the specular
direction

than the similar spectrum obtained from irradiation of a plastic target suggesting
that stronger spectral modifications of the laser radiation occur in the case of the
steel target, while propagating towards the critical density layer. In this case, due to
the fact that metal targets are more sensitive to the precursor radiation, longer-scale-
length plasmas are generated compared to dielectric plastic targets. Therefore, in the
case of metals, the laser light has to propagate over a longer plasma before reaching
the critical density layer, thus undergoing stronger spectral modifications, possibly
due to ionization. Although deconvolution of this information is not straightforward
without a detailed modeling of propagation and ionization, it can be immediately
used to provide a qualitative assessment of the regime of interaction occurring in a
given experimental configuration. In particular, the use of this technique is highly
recommended to monitor the interaction in experiments in which solid targets are
used to activate Ka generation [25,26]. In these circumstances, optical spectroscopy
of the scattered radiation from the target (e.g., in the reflection direction) can be used
as an monitor for the control of laser—target interaction for Ka sources, to stabilize
the source intensity.

An example of a possible drift of long term behavior of the second harmonic
and (3/2)w emissions in laser—target interaction for Ka generation is shown in
Fig. 10.10 where the spectra obtained from a sequence of 800 shots obtained in
similar conditions as in the spectrum of Fig. 10.8 is shown. The image consists of
a sequence of individual spectra displayed as 1D false color images placed next
to each other to form a single image. The sequence was sorted from left to right
according to the increasing order of the corresponding yield of X-ray emission,
including Ka fluorescence, as measured from a separate CCD detector. The plot

10 Diagnosing Intense and Ultra-intense Laser—Matter Interactions 287

Wavelength

0 100 200 300 400 500 600 700
Sorted shot n.

Fig. 10.10 Multi-shot spectra of optical emission from laser interaction of a 60 fs laser pulse at
an intensity of 10" W/cm?® with a 12-pm thick solid target. The image consists of a sequence of
spectra as that of Fig. 10.9, displayed as a false color image. The sequence is sorted from left to
right according to increasing yield of X-rays as measured from a separate detector

shows that there is a region of high (3/2)w emission corresponding to low X-ray
emission yield. As the X-ray yield increases, optical emission is characterized by a
weaker (3/2)w emission and a brighter 2w emission. Finally, at higher X-ray yield,
lower 2w emission and brighter (3/2)w emission occur, with the (3/2)w showing a
broadened and spectrally modulated emission.

A possible explanation of the behavior at higher X-ray yield is that a strong
interaction occurs in the lower-density plasma region, reducing the laser energy that
reaches the critical density. Hence, efficient coupling occurs at the quarter criti-
cal density, likely producing higher-energy electrons as discussed above. These
high-energy electrons escape and pass through the target producing Bremsstrahlung
emission with little Ko emission. In contrast, the high second harmonic emission
occurring for the shot number range from 150 to 500 suggests that more efficient
coupling occurs at the critical density region, and the condition becomes more rel-
evant to efficient generation of Ko X-rays. In summary, these measurements show
simple spectroscopic measurements can be used to monitor, and, possibly, control
laser—plasma X-ray sources.

10.2 Optical Interferometry and Propagation Issues

If the temporal evolution and detailed spatial features of the plasma have to be inves-
tigated during propagation, additional techniques like plasma probing should be
used. In fact, there are several reasons for studying the propagation of intense laser
pulses in gases and most of them are related to the laser acceleration of electrons
in gas-jets [27] or in capillaries for which energy up to the GeV range has already
been demonstrated [28]. However, there are still significant concerns for the stabil-
ity and reproducibility of the main parameters of the accelerated electron bunches.
Recent experiments based upon counter-propagating laser pulses have shown that
some control of the electron bunch energy can be achieved [29]. However, it is clear
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that reproducibility and stability are strictly related to laser propagation issues and
a lot remains to be investigated.

Presently, a significant effort is being made worldwide to establish the technique
from the viewpoint of the high-energy physics (HEP) community, presently facing
difficulties due to the gigantism of conventional accelerators. However, the need of
the HEP community is focused on reliable ways of accelerating particles with high-
quality parameters, including very small energy spread. In order to generate interest
from that viewpoint, the laser—plasma acceleration technique must establish itself in
terms of quality and stability. This is the focus of the effort of many groups world-
wide. In Italy, the laser—plasma acceleration community and the HEP community
are now entering this arena with an entirely new project [30-32] based upon the
FLAME laser [27], a 20-fs, 300-TW Ti:Sa 10-Hz system specifically designed to
investigate the full potential of laser-driven acceleration.

To illustrate the basic issues in laser—plasma acceleration, in the following we
explore a series of experiments aimed at studying propagation of an ultra-intense
laser pulse in a gas-jet using optical probing and interferometry. The techniques
are the same used in the past to diagnose plasmas produced by long laser pulses.
However, special attention is dedicated here to highlight new effects arising from
the use of ultrashort pulses to probe plasmas. In fact, several issues arise including
ionization front smoothing due to finite probe pulse transit time [33] and loss of
fringe visibility [34].

The basic experimental setup for the study of laser propagation in a gas is shown
in Fig. 10.11. In this set up the laser pulse is focused on a target consisting of a gas-
jet capable of producing a slab of gas with steep edges and peak density exceeding
10 el/cm>. The probe pulse propagates along the direction perpendicular to the
propagation direction of the main laser pulse to detect changes of refractive index
induced by ionization.

Figure 10.11 also shows the phase shift map of a He gas-jet. The image shows
a positive phase shift due to the small refractive index of neutral He atoms. As
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Fig. 10.11 Typical schematic experimental setup for study of propagation of an intense ultrashort
laser pulse in a gas-jet target. The focal spot position can be moved relative to the gas-jet and the
probe beam (gray circle) is set to propagate perpendicular to the main laser pulse. Also visible on
the right is the map of the phase shift induced by neutral helium gas on the probe pulse as measured
by the interferometer
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Fig. 10.12 Interferogram of the laser—plasma interaction region in a gas-jet experiment as that
schematically shown in Fig. 10.11. The interferogram was taken with a short pulse probe timed to
reach the interaction region 5 ps after propagation of the main pulse

discussed in [5], numerical techniques are used for the fringe pattern analysis to
extract the small phase-shift information that was of the order of a small fraction of
wavelength. The pattern is noisy because of the numerical noise, however, the shape
of the gas-jet is clearly visible.

Figure 10.12 shows an interferogram taken 5 ps after the arrival of the main laser
pulse on the gas-jet. Clearly visible is the effect of a short pulse propagating in the
gas. It also shows the effect of the ASE that, in this case, gives rise to premature gas
breakdown with a shockwave propagating radially as visible on the right-hand side
of the image. This premature plasma formation is the reason why ASE is regarded
as one of the sources of nonreproducibility of the interaction due to its strong level
fluctuations from shot to shot. Because of this, several techniques are being imple-
mented to reduce the level of ASE. Also visible in the image is second harmonic
emission. This emission is due to a different mechanism [35] than the specular
second harmonic emission from the critical density layer discussed above since
the former is being observed at 90°. Finally, in the left-hand side of the image of
Fig. 10.12, a third region is visible in which the laser has ionized the medium and
this plasma region is opaque to the probe radiation, hence, no fringes are visible.

Under these conditions, electrons are still accelerated as shown in Fig. 10.13, but
acceleration conditions are strongly affected by the presence of the ASE precur-
sor plasma that prevents the main pulse to be properly focused due to uncontrolled
refraction and defocusing effect. Measurements of accelerated electrons were per-
formed using a technique [36] developed to detect the electrons and measure their
energy. The technique uses a stack of layers of radiochromic films to measure the
dose released by the electrons in the layers. By using some known stopping mate-
rials in between the layers, the energy of the incoming beam can be reconstructed.
The angular distribution of these electrons can also be determined. In this case, a
particular sequence of aluminum layers and radiochromic films was used as shown
in the layout of Fig. 10.13. Actual raw data are reproduced in the figure, enhanced
in terms of contrast for the purpose of displaying the shot-to-shot change. As one
can see, strong fluctuations from shot to shot occur with the electron beam being
produced by approximately only 30% of the shots. The initial plasma conditions
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Fig. 10.13 Energetic electron production from a sequence of 12 laser interaction events with a
gas-jet, in the presence of precursor plasma due to ASE. Measurement of angular and energy
distribution using stack of radio chromic films show strong fluctuations from shot to shot
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Fig. 10.14 Conceptual layout of a laser plasma interferometer showing the sequence of steps
required to retrieve the map of electron density distribution from the detection of fringe shift
induced by the plasma via its refractive index

(at the time of arrival of the main short pulse) are most likely the reasons for this
behavior as displayed by plasma probing via interferometry.

As anticipated above, special attention requires the use of very short probe pulses
in laser plasma interferometry. In view of this discussion, it is useful to recall the
basic principles of plasma interferometry. Figure 10.14 shows a typical Michelson-
type interferometer. The beam is split and the resulting two beams are made to
interfere, after one of them has propagated through the plasma. Once the fringes
are obtained, the phase difference can be retrieved and, by the deconvolution of the
phase difference assuming a cylindrical symmetry, the electron density is finally
obtained. A number of papers have been published on laser plasma interferometry
and deconvolution techniques as discussed in [5], with the latest advances being
in the use of wavelet transform, where a different technique is used to decon-
volute the fringe pattern [37] as an alternative to the standard FFT technique.
Special algorithms can also be used to account for a small degree of asymmetry
in deconvolution [38].
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If short pulses are used, then there are several limitations that should be taken into
account when deconvolution is done. One is the probe transit time that occurs when
the probe pulse is very short in comparison to the time taken by the probe-pulse to
cross the evolving interaction region. A second limitation is related to the visibility
of the fringes, which suffers from the usual losses well known [5] in the case of long
pulse probing techniques, plus additional mechanisms of fringe visibility depletion
due to fast evolution of the electron density due to fast ionisation.

To explain these circumstances we consider here a simple case in which the
change of the refractive index is due to a glass cylinder moving in the field of view
of our interferometer. This situation is somewhat similar to probing a very sharp
change in the refractive index as we would expect from an intense short pulse prop-
agating in a gas jet and generating a sharp ionization front. We consider the case of a
short probe pulse with duration that is short compared to the time taken by the pulse
to cross the cylinder, and the cylinder is moving while the probe pulse propagates
through it. This motion limits the spatial resolution of the interferometry and, as a
result, a sharp edge will be smeared out. In a similar way, if we probe the ionization
front generated by an ultrashort pulse propagating in the gas, the longitudinal (along
the laser propagation axis) extent of the ionization front will appear broader due to
the probe transit time.

Figure 10.15 shows a typical situation in which an ionization front generated by
a femtosecond laser pulse in a gas propagates from right to left. The fringes that
are shifting and being displaced due to the change of refractive index in the laser
ionized region. The displacement ranges from zero to the maximum. However, it
is not sharp; any sharp change of the refractive index will be seen as a smooth
change in the phase shift. This is a very complex problem and deconvolution is a
rather difficult task. In some circumstances this analysis leads to the identification
of picosecond prepulse effects as discussed in [39].

In terms of fringe visibility, the typical losses are due to absorption and refraction.
Whenever a probe pulse propagates through the plasma, it will be either refracted
or absorbed. Under this condition, one of the two beams that undergoes interference
makes the fringe pattern disappear by decreasing its intensity and typically, the aver-
age intensity integrated over a period of the fringes is less than the average intensity
of the unperturbed fringe pattern (without plasma). Fringe visibility is affected in
this case and so are phase shift measurements.

There is another reason why the fringes disappear in the case of short pulses.
In ultrashort interactions the changes in the refractive index are on a temporal scale
that is fast compared to the probe pulse duration. Basically, if the plasma is changing
while it is being probed, the instantaneous fringes will shift at the detector plane and
this shift will appear as a loss of visibility due to the time integration of the detector
recording the fringe pattern. An example is shown in the sequence of interferogram
of Fig. 10.16 taken 1.34, 2.33, and 4.67 ps after arrival of the main pulse at the
focal region, when the beam is out of the best focus region. As time goes and the
main laser pulse propagates, ionization occurs and plasma is generated. The sudden
ionization occurring at the leading edge of the laser pulse induces fringe motion
and lower visibility. Behind this region, the density of the plasma is stationary (on
the time scale of the probe pulse), and is relatively low, allowing the probe pulse
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Fig. 10.15 Example of interferogram of ionization front propagating in a gas showing the smear-
ing most likely due to the smoothing effect discussed in [39]. In this case a 30-fs laser pulse was
propagating in a gas-jet at an intensity exceeding 10'® W /cm?. The circle shows a smooth change
of refractive index where a sharp transition is expected due to the ionization front

to propagate without significant absorption and the fringes are observed again. As
indicated by the arrow, fringes are not visible in a region located at the leading front
of the pulse.

A signature of this effect is that the average intensity of the region of the fringe
pattern with low visibility becomes equal to the average intensity of the interfering
pattern. This is the case for the middle interferogram of Fig. 10.16, where the inten-
sity on the region of no fringe visibility is equal to the average intensity elsewhere.
This simple estimate based upon a measurement of the average intensity allows us
to distinguish between the different mechanisms of loss of fringe visibility driven
either by refraction and absorption or by transient ionisation as in this case.

According to this mechanism, the speed of a fringe shift is basically given by
the rate at which the density changes. A quantitative description of this has been
developed [33] and according to this model, for a given density of the plasma and
probe pulse duration and profile, the visibility can be estimated. For example, if
there is a change of density of 2% of the critical density, a 100-fs pulse will produce
a loss of fringe visibility of approximately 30%. This model has been used for a
semiquantitative interpretation of experimental measurements of fringe visibility
depletion [34] shown in the interferogram of Fig. 10.16.

In fact, a quantitative measurement of the loss in the fringe visibility can be
obtained by using the same FFT analysis technique [40] for the extraction of the
phase shift from the fringes. The whole analysis yields a complex result, the imagi-
nary part gives the phase shift and the real part gives the fringe visibility. As a final
result, the map of the fringe visibility is obtained in the range of O—1. Figure 10.17
shows how the fringe visibility changes from frame-to-frame in a sequence obtained
with a pump-and-probe like approach, i.e., by taking measurements with several
shots at different probe pulse delay.
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Fig. 10.16 Example of
interferograms showing
propagation of a laser pulse
(from the right) in a gas.
Partial loss of fringe visibility
detected in the top
interferogram becomes total
in the middle interferogram,
discussed in details in [34]. In
this case a 30-fs laser pulse
was used at an intensity of
5% 10" W/cm?. The arrow

shows the region where total I I
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This result was interpreted using the model discussed above to extract informa-
tion concerning the longitudinal extent of the ionization front, that was found to be
shorter than 70 um. Here the measurement is limited by the relatively long pulse
duration of the probe pulse (110fs) as discussed in detail elsewhere [34].

10.3 Time-Resolved X-Ray Spectroscopy and Imaging

In this section we discuss X-ray-based diagnostics. First we show a few examples of
conventional X-ray techniques used to investigate the basic physics of laser—plasma
interaction. We start discussing time-resolved X-ray spectroscopy.

Figure 10.18 shows a typical set-up for X-ray spectroscopy in which we can
clearly identify the basic components, the laser beam, the target and the detection
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Fig. 10.17 Fringe visibility maps vs. time showing as the region where fringe visibility loss moves
as the laser pulse propagates (from left to right)

CCD

A Filter

Shield
0.7 mm Pb

Fig. 10.18 Schematic setup for X-ray spectroscopy of laser-produced plasmas using a Bragg crys-
tal as a dispersive element. Also shown in the image are the detector and the shield that prevents
X-rays from the source to reach the detector directly. The filter is used to stop unwanted visible
and UV light

system. A crystal with a known separation of the lattice planes is used to create
Bragg-type diffraction. Because the source is very small, a spectrum is obtained
whose resolution is limited by the source size [41].

Figure 10.19 shows a typical spectrum obtained using the setup of Fig. 10.18
from a plasma produced by laser irradiation of a solid Al target. In this case, a
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Fig. 10.19 Example of spectrum obtained using the setup of Fig. 10.18 from a plasma produced
by laser irradiation of a solid Al target. Due to the small source size, the resolution is sufficiently
high to allow identification of K-shell emission from helium-like and hydrogen-like aluminum

3-ns laser pulse from a Nd:YLF laser was used, focused to an intensity exceeding
1013 W/cm?. In these experimental conditions, efficient transfer of laser energy to
the plasma occurs and a hot plasma is generated leading to ionization of Aluminum
up to the He-like and hydrogen-like configuration as demonstrated by the K-shell
emission visible in the spectrum.

In order to unfold the temporal evolution of the plasma, temporal change in our
spectra must be recorded on a very fast time scale, typically subnanosecond. The
information thus obtained can then modeled using a combination of hydrodynamics
and atomic physics modeling codes: the hydrodynamics provides the expected den-
sity distribution and atomic physics, the expected line intensity ratios. Then, these
line intensity ratios are compared with the measured ones.

In the case of plasmas generated with long nanosecond pulses, the temporal
resolution of the spectrum can be achieved by using an X-ray streak-camera to
reach the temporal resolution below 10 ps. In the following, we described an experi-
ment in which time-resolved X-ray spectroscopy is used to investigate the temporal
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Fig. 10.20 (/eft) Map of the electron temperature of the plasma produced [43] by laser irradiation
of a solid Al target at the peak of a 3-ns Gaussian laser pulse as predicted by POLLUX. The
intensity on target was 1E14 W /cm?, the pulse duration was 3-ns Gaussian and the laser focal spot
was 8-ium FWHM. The target consisted of 50-pum thick Al. (right) X-ray emissivity at the He-a
emission line calculated from electron density and temperature maps given by POLLUX using the
code RATION/FLY

properties of X-ray emission in plasmas produced by nanosecond pulses [42]. In
particular, the aim of the experiment was to identify, through time resolved X-ray
spectroscopy, possible deviations of the plasma dynamics from the steady-state
behavior during early stages of the interaction. The first step is the modeling of
the interaction using the hydrodynamics code POLLUX [8] and we used the combi-
nation of RATION/FLY [42] and hydrodynamics results from POLLUX to calculate
the expected emission in the spectral range of our diagnostics. The plot of Fig. 10.20
(left) shows the calculated electron temperature from the hydrodynamic calcula-
tions. This information, combined with the density map, is postprocessed using the
code RATION/FLY to yield the expected emissivity at the required emission wave-
lengths. The plot of Fig. 10.20 (right) shows the result of this processing for a given
time and a give emission wavelength in the form of a 2D map of emission.

Similar plots have been obtained [43, 44] for the entire emission time and for
a set of emission lines. The ratio between o and B lines was then calculated tak-
ing into account the opacity effect that are expected to be significant for o lines.
Figure 10.21 shows the final results in terms of comparison between measured and
expected line intensity ratios for the steady-state and time-dependant models. The
simulation predicts some changes in the nonstationary effect early in the pulse. After
approximately 500 ps, the system becomes stationary. However, before that, there is
a significant difference and the measurements were consistent with this separation.
It should be stressed here that this effect could only be detected using temporal
resolution.

In fact, since emission in the nonstationary regime only occurs early during
the emission, its contribution would be largely overcome by the emission in the
stationary regime and, therefore, be undetectable in time-integrated measurements.
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Fig. 10.21 Temporal evolution of Lya to Hef intensity ratio. Experiment vs. steady-state (SS) and
time-dependent (TD) modeling

Figure 10.22 presents another experiment that shows the need of time-dependant
X-ray spectroscopy. In this case, time-resolved spectroscopic techniques were used
[45] to detect the cooling process of a plasma for different atomic species of the
target.

The basic idea in this experiment was to measure the history of X-ray emission
for plasmas produced by different elements and consequently infer information on
radiation and cooling effects that may occur at a different rates depending on the
plasma composition. Hence, it would be possible to probe the radiation cooling
effects by using this X-ray spectroscopy. Figure 10.23 includes a comparison of
time-resolved spectra of fluorine emissions from plasmas produced by irradiation of
a range of targets containing fluorine, from the lighter LiF to the heavier SrF,.

The analysis of the spectra of Fig. 10.23 shows that the temporal evolution of the
electron temperature of this system depends on the charge state of the target. Indeed,
the data show that this effect of radiation cooling plays an important role in these
conditions ad discussed in details in [45].

Another interesting application of time-resolved spectroscopy concerns the study
of electron transport measurements. A layered target was used and measurements
were carried out to find the laser mass ablation rate, with a sufficiently short pulse
that could separate the layers [46]. Targets consisting of thin layers of different
materials were used to detect propagation of the heat front in the target as shown in
Fig. 10.24 (left). According to hydrodynamics codes, the temperature of the first and
third layers are expected to increase at different times as from the plots of Fig. 10.24

(right).
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Fig. 10.22 Experimental setup of the interaction chamber for time-resolved soft-X-ray spec-
troscopy of picosecond plasmas [45]. The plasma was generated by the interaction of a high-
contrast, 12-ps, 268-nm laser pulse with solid targets consisting of fluorine salts. The laser beam
was focused on the target by means of an off-axis parabola at an intensity of 10> W/cm? in a
30-pm diameter focal spot

Thus, if the X-ray emission from these layers occurs at different times, quanti-
tative information on the transport of energy through materials is retrieved. Time-
resolved measurements of X-ray emission from each of the layers was detected
using characteristic line emission as shown in Fig. 10.25, which shows carbon
emission from the first and third layers.

This measurement provide invaluable experimental data on the mass ablation rate
that is used to investigate the flux limiter parameter in the heat propagation that takes
place at a higher intensity as discussed in details in [46].

10.4 Fast Electron Production and Characterization

This section is devoted to fast electron propagation and to the description of novel
experimental techniques of X-ray imaging having simultaneously micrometer spe-
cial resolution and spectral resolution in the range of 1-10 keV. The motivation here
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Fig. 10.23 Time-resolved spectra of the X-ray emission from LiF (left) to StF2 (right), in the range
from 10 to 22 A, obtained with a spectrometer equipped with a flat-field grazing incidence grat-
ing (from [45]). The spectral and temporal resolution were 500 mA and 6 ps, respectively. Strong
emission from bound—bound and free~bound transitions in H-like and He-like ions is visible. Short-
lived continuum emission is also visible as a background emission due to Bremsstrahlung and
recombination
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Fig. 10.24 (left) Target configuration for mass ablation rate measurements in intense laser—solid
interactions [from [46]). The aluminum tracer layer is used to detect propagation of the abla-
tion front. Numerical modeling (right) is used to calculate the expected evolution of the electron
temperature to be compared with experimental measurements via time-resolved spectroscopy

is to understand how fast electrons propagate, how far they can get into the mate-
rial, how much energy they have, and how much energy they release in the material.
These studies are of a great relevance to the FI scheme of ICF as discussed in the
introduction section.

There is no ideal experimental technique for this kind of measurements. There
are instead several methods that can be used to retrieve pieces of information. Then,
we need to use them together. In some cases optical probing can be used to image
out the profile of the rear side of a laser irradiated foil target as described in [47].
Here measurements show the presence of a bump that is probably due to the effect
of the fast electron currents.
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Fig. 10.25 Temporal evolution of X-UV emission line from irradiation of the target of Fig. 10.24
(left). Peak-to-peak delay in the H-like emission from C gives a measurement of the mass ablation
rate in the Al layer. See [46]

In general, the most widely used techniques are based upon Ka fluorescence
emission measurements with imaging and spectroscopy using flat and curved crys-
tals. A new approach consists in the use a novel X-ray imaging technique with
a micron-scale resolution and spectral resolution of ~100eV based on the use of
multiple pin-hole imaging in the single photon (single-hit) detection regime.

Figure 10.26 summarizes the basic idea behind X-ray based techniques for the
study of fast electron transport. Fast electrons that impact the cold atoms give rise
to fluorescence emission. This process is described by curves like the one in this
figure [48] that shows the fluorescence cross section as a function of the electron
energy. According to this plot, the energy of electrons that we are most likely
probed with fluorescence measurements ranges from a few keV to a few hundred
keV. As shown in this plot, the cross-section peaks in the energy range between
10 and 100keV. Similar behavior is found for different materials, making it pos-
sible to estimate the expected response of each target material to a given energy
of the fast electrons. However, the fast electrons generated in ultra-intense laser
interactions typically have a broad spectrum and fluorescence emission is generated
from all electrons, up to energies of ~10 MeV. Complementary measurements must
therefore be performed to unfold the fast electron transport problem.

The use [49] of a single-hit detection technique on a charge coupled device
(CCD) is based on a simple idea that was proposed around 15 years ago in X-ray
astronomy and later applied to ultra-intense laser—plasma interactions [11]. Each X-
ray photon impinging on the chip of a CCD produces a charge that is proportional
to the energy of the photon. Provided the X-ray flux is sufficiently low, the charge
induced by each photon can be measured and detected. The charge might be con-
fined on a single pixel or might be spreading on several pixels depending on the
energy of photons as well as on the depth of the CCD where the photon is absorbed.
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Fig. 10.26 Cross section of the fluorescence emission process in titanium (after [48]). The cross
section has a pronounced peak between 10 and 100 keV. Above this value, the cross section
decreases rapidly, reaching a minimum around 1 MeV and increases logarithmically for relativistic
energies

For a given photon there are two different populations of “events” generated on the
CCD: one is a single pixel and the other is a multipixel. Custom image processing
techniques were developed to decouple the information and obtain the spectrum of
the radiation [50]. Figure 10.27 shows a typical curve that gives the charge as a
function of the energy of the photon incident on the CCD.

In the following we show the results of experiments in which this technique was
applied to the measurement of the X-ray emission spectra from either single-layer
of multilayer targets. In these experiments, single-hit measurement were carried out
in a very noisy environment in which, typically, many photons and electrons scatter
all around the area inside the vacuum chamber, generating a strong radiation back-
ground. To minimize the noise, several measures must be taken including the use
of magnets to stop the electrons from streaming onto the CCD. In some circum-
stances it was also necessary to place the CCD outside the chamber to detect X-rays
through a transparent window. Figure 10.28 shows a simple experimental set-up
in which single-hit spectroscopy is used to study fluorescence emission from laser
interaction with a titanium foil.

Figure 10.29 shows a typical spectrum obtained with the single-hit technique.
As one can see from the plot, the technique allows the Ko emission to be easily
resolved from the rest of the emission, as expected from the 90-eV resolution that
was provided by the single-photon technique in our case.

The same technique shows its highest potential when dealing with multiple emis-
sion wavelengths as in the case of irradiation of multilayer targets. An experimental
campaign was carried out at the JETI laser system at the IOQ in which the target
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Fig. 10.31 Spectrum of the X-ray radiation detected from the front and the rear side of a three-
layer Cr — Ni — Fe target of Fig. 10.30, irradiated at an intensity of 5 x 10'* W/cm?. Note that the
relative intensities of the two spectra are not to scale

Figure 10.31 shows the spectrum of the front and the rear side emission in which
all the Ka lines from all the layers of the target can be identified. The spectrum was
obtained adding up all identified photon from the analysis of the low flux images
from 350 laser shots. The target was irradiated on the Cr side. The main Ko and Kf
line emissions from the Cr layer are clearly visible on the front and rear side images.
The Ni Ka emission is also clearly visible from both sides of the target, while Fe
Ka and K@ are clearly visible only from the rear side.

Cu emission visible in both spectra is likely to arise from impurities in the Fe and
Ni substrates. We observe here that the difference in the line intensity between the
front and rear side spectra are also due to the filters and to the photon propagation
and attenuation through the different layers. Therefore a quantitative analysis of
these relative intensities will have to take into account this effect also. Measurement
like this immediately shows that the electrons propagate through the three layers
because the fluorescence emission peaks originating from all the three (cold) layers
are identified.

Finally, energy-resolved images of the source at any given energy can be obtained
by selecting the corresponding photons from the spectral distribution, by plotting
them according to their landing position on the CCD detector and by taking into
account the geometry of the pin-hole camera imaging system, including the magni-
fication. Figure 10.32 shows the energy-resolved full imaging of the X-ray source at
the Ko and KB line energy of the three materials, as seen by the front and rear side
pin-hole cameras. In this case, a total of 1,600 single-shot images were used.

The upper side of Fig. 10.32 shows the images obtained selecting X-ray photons
in an energy window around each Ka line (£230¢eV). The lower side of the figure
shows the images obtained selecting X-ray photons in a spectral region where no
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Fig. 10.32 Energy-resolved images of the Ka sources of Cr, Ni and Fe as seen from the rear (leff)
and the front of the target obtained selecting all the photons within a spectral window of +230¢eV.
The lower part of the figure shows the images of the source obtained selecting the photons in two
regions where no or weak line emission is expected to occur and where the main contribution is
expected to be given by Bremsstrahlung emissions. The scale of the edge of each image window is
200 pm

spectral lines are expected, i.e., below the Cr—Ka and above the Ni—Ka. Therefore,
contribution to these images is expected to come from continuum radiation, possibly
arising from Bremsstrahlung emission.

Higher-energy photons are also present in the spectrum; however, for these ener-
getic photons the 2.5-pm thick, pinhole Pt substrate starts becoming transparent and
the contrast of the pinhole image consequently decreases.

From the spreading of electrons as visible fro the images of Fig. 10.32, the
dynamics of propagation of the electrons can be inferred. This is a complex task
that also requires a comparison with a detailed numerical modeling and additional
information on the analysis of these data can be found elsewhere [51]. Here the
potential of this diagnostic technique is outlined and how the experimental results
can be used to clarify the fast electron propagation dynamics.

The technique “as it is” has currently a “multishot” basis due to the need for
a statistically significant number of photons to be detected. The number of shots
can be reduced by using a higher magnification, which would enable to collect a
greater number of photons per shot, while satisfying the single-photon condition
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on the CCD detector. Another possibility is to exploit large area CCDs or similar
position sensitive devices in combination with a pin-hole array, to collect more than
one “‘single-photon image” on the same CCD detector.

10.5 Summary and Future Instrumentation Requirements

In summary, an overv1ew was given of experimental techniques for the investiga-
tion and characterization of laser—plasma interactions via description of a number
of experimental studies carried out in the wide range of different experimental con-
figurations. It was shown that spectroscopy of optical radiation scattered during
the laser—solid interaction provides the detailed information on laser—plasma energy
coupling mechanisms. Optical probing of laser interaction with gases with the fem-
tosecond temporal resolution was shown to be sensitive to effects like the probe
transit time and the fringe visibility depletion that are likely to affect measurements
much more than in the case of long-pulse probing.

As for the application of X-ray spectroscopy and imaging, the potential of time-
resolved spectroscopy in laser—plasma experiments was demonstrated even when
using relatively long pulses to detect transient phenomena in the evolution of the
plasma.

Finally, we described the latest development of a powerful X-ray investigation
technique based on single X-ray photon measurements that promises to become a
complete tool for imaging and spectroscopy in the X-ray range, ideal for FI relevant
studies.

The experiments discussed here were also obtained through a number of collabo-
ration experiments carried out at the Intense Laser Irradiation Laboratory at Istituto
Nazionale di Ottica — CNR (Italy) and at several high-power laser facilities world-
wide including the Central Laser Facility at STFC (UK), the JETI laser facility at
I0Q, University of Jena (Germany), the SLIC facility at CEA (Saclay), the LOA
at Ecole Polytechnique (Palaiseau), the TITAN laser at LLNL (USA). The main
results of those experiments are the subject of several publications on international
Jjournals as pointed out throughout the text. The reader interested in expanding the
topics presented here is encouraged to refer to those publications and references
therein.
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