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Abstract
This paper reviews the challenges posed by the physics of the interaction of high-peak power femto-
second lasers with ultrathin foil targets. Initially designed to produce warm solid-density plasmas
through the isochoric heating of solid matter, the interaction of an ultrashort pulse with ultrathin foils
is becoming more and more complex as the laser intensity is increased. The dream of achieving very
hot solid density matter with extreme specific energy density faces several bottlenecks discussed here
as related to the laser technology, to the complexity of the physical processes, and to the limits of our
current time-resolved instrumentations.

Key words: ultrafast laser-matter interaction, isochoric heating and hot solid-density plasmas,
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Introduction
A few years after the invention of the laser, high-temperature plasmas were produced by focusing a
high-power laser pulse, in the tens of picosecond range, on the surface of a solid target (Basov and
Krokhin 1964), and neutron emission was observed, associated with thermonuclear DD reactions
(Basov et al. 1968a). Various successive experiments and modeling extracted the basic physics regulat-
ing this ablative laser–matter interaction in which thermal conduction can dominate on a short time
scale before the hydrodynamic separation (Basov et al. 1968b; Kidder 1968; Bobin et al. 1969; Floux
et al. 1970). At the end of the 1960s at the Lawrence Livermore National Laboratory, Nuckolls et al.
(1972) realized that a powerful nanosecond laser beam could be used to compress matter at very high
density. The implosion-scheme based on ablatively driven compression induced by nanosecond laser
pulses started the field of Inertial Confinement Fusion (ICF). The challenge of ICF is to control the
target compression induced either directly by a symmetric laser beam irradiation or indirectly by a
cloud of X-rays generated inside a Hohlraum. The plasma parameters (density, temperature, shock
waves, ionization states, opacities) and the associated hydrodynamics (and related instabilities), which
are crucial properties to control and optimize the fusion yield, are changing rapidly in both space and
time during the laser–matter interaction. This quest for ICF has been, since then, driving the develop-
ment of very high-energy lasers with durations in the nanosecond regime and energies in the MJ
range.

The invention of the laser Chirped Pulse Amplification (CPA) technique by Strickland and Mourou
(1985) allowed for stacking energy in a very short time inferior to the picosecond. This interaction
experiment between such a high-energy short pulse and a solid target indicated that it was possible
to keep the plasma gradient scale-length very short during the heating, thus bringing matter at
solid density to high temperatures on a time scale shorter than dynamics (Falcone et al. 1986;
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Murnane and Falcone 1988; Kieffer et al. 1989; Rosen 1990). A physical regime of isochoric heating,
close to early models, was becoming accessible with the CPA laser technology.

With the CPA technique, the laser power has been propelled over the past 20 years to the Petawatt–
Exawatt range with very high energies (in the 100 J to kJ range) delivered in ultrashort pulse duration
(in tens of femtosecond) opening the door to relativistic physics at extreme intensity and particle
acceleration among other directions (Mourou et al. 1998; Danson et al. 2019). This progress has exac-
erbated the need for speed. Henri Pépin (Fig. 1) at Institut National de la Recherche scientifique
(INRS) was one of the first to capture the potential of the CPA technique for the applications of
laser–matter interaction.

Several Canadian groups at the University of Alberta, University of British Columbia, National
Research Council, INRS, University of Toronto, Université de Sherbrooke, McGill University, and
Université Laval played significant roles in the exploration of these new territories of laser–matter
interaction. This paper reviews some achievements in the domain of hot solid-density plasmas.

The isochoric heating concept
Isochoric heating is a very old concept initially explored by Guillaume Amontons in 1699 and Joseph
Louis Gay-Lussac in 1802. Robert Stirling built the first engine introducing isochoric heating in the
hydrodynamic cycle in 1816. An isochoric process is a thermodynamic process in which the volume
of a closed system remains constant. This process is part of the combustion engine cycle and it is tra-
ditionally associated with the heating or cooling of a gas inside a container that cannot be deformed.
The heat transfer into the closed system changes only the internal energy of the system.

With a nonconstrained system, as a slab of solid material, isochoric heating at large temperature can
be realized only if the heat deposition is realized in a pulsed way on a time scale shorter than the mat-
ter expansion dynamics. This requires a pulsed heating source with a very short duration. The inter-
action of a CPA high-energy laser pulse with an ultrathin foil solid target, with a thickness much

Fig. 1. Henri Pépin established the laser–matter interaction program at Institut National de la Recherche scienti-
fique (INRS) in 1971. From laser-induced fusion in the early 1970s (Pépin et al. 1972, 1979) and laser-based X-ray
lithography in the mid-1980s (Pépin et al. 1987) to the Ultrafast CPA laser–matter interaction at the beginning of
the 1990s (Pépin et al. 2001), H. Pépin established the foundations on which major lines of research and a laser
infrastructure unique in Canada, the Advanced Laser Light Source (ALLS), could be built.
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smaller than the thermal penetration depth (defined as the depth reached by the thermal conduction
front inside a thick solid target at the end of the heating laser pulse, and which is typically in the few
hundreds of nanometers range) and equal to or smaller than the skin depth (defined as the depth at
which the laser electromagnetic field penetrates in a solid target, which is in the ten nanometer range),
emerged as a way to produce hot solid-density plasmas slabs, through isochoric heating, with high
temperature and homogeneous temperature distribution (Kieffer et al. 1994; Saemann et al. 1999).
The heating phase at solid density is then followed by a fast-adiabatic decompression and cooling of
the plasma slab (Falcone et al. 1986).

The challenge of laser-based isochoric heating of solids to high temperatures is achieving a specific
energy density in the 104–106 MJ/kg range, or pressure in the few to hundreds Giga-Pascal range, dur-
ing the high-power laser–matter interaction inside an irradiated target, accelerating the matter to
velocities in the 105–106 m/s range. Such hot and dense plasmas have been proposed as sources of
ultrashort bright X-ray pulses (Falcone et al. 1986; Kieffer et al. 1993a), test benches for the determi-
nation of equation of state (Foord et al. 2004), and for the study of warm dense plasmas (Forsman
et al. 1998). Isochoric heating of matter at solid density can be realized by direct laser heating produc-
ing thin plasma slabs (Kieffer et al. 1994), discussed in the present review, or by protons (Patel et al.
2003) or X-rays to generate a volumetric heating (Dyer et al. 2003; Hoidn and Seidler 2018).

The need for speed
Since the first experiment reported in 1834 by Charles Wheatstone (1834) on the measurement of the
velocity of electricity with a revolving mirror, and since the 1864 proposal from Ducos-du-Hauron to
create an apparatus to record single-shot pictures with short exposure times and taking a series of pic-
tures at various rates (Ducos du Hauron 1864), the challenge of speed in measurement techniques
remains amazingly modern and actual for ultrashort laser-produced plasmas. The field of high-speed
photography made impressive progress with many technologies presented in several reviews
(Courtney-Pratt 1957; Coleman 1963; Shapiro 1977; Korobkin et al. 1978; Fanchenko 1999; Schelev
2000; Ray 2002). However, this field needs to be extended to short wavelength with ultimate temporal
resolutions.

The size of the irradiated matter or the duration of the interaction impose a minimum time scale of
interest and thus a required temporal resolution. To see detailed information in μm size target
submitted to these extreme conditions, it is therefore necessary to have sub-picosecond time
resolutions. With shorter laser pulses and multi-Petawatt (PW) systems now available, the constraint
on time resolution is now set by the duration of the interaction process and resolution in the
10–100 femtosecond (fs) would be extremely useful.

X-ray emission spectroscopy is one of the key diagnostics to understand the interaction physics and
the various nonequilibrium plasmas processes taking place during the interaction (Agarwal 1991;
Griem 1997). Time-resolved X-ray emission spectroscopy remains particular since the physicist needs
a tool capable either to record a monochromatic image with an extremely short exposure time or to
measure a time-resolved spectrum with the highest spectral and fastest temporal resolutions with a
large dynamic range.

Much progress has been realized on laser-based light sources with higher and higher power, shorter
and shorter pulse durations, down to the attosecond territory for sub-keV X-ray source
(Corkum 1993), and on autocorrelation techniques able to probe fs durations. However, the
resolution of the ultrafast X-ray emission spectroscopy of ultrashort laser-generated plasma remains
limited to around 300–500 fs.
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The hot plasma slab
If a very thin foil, with a thickness well below the thermal penetration length, is irradiated by a very
short pulse having a steep rise time, then the laser–plasma interaction can take place in a gradient
scale-length well shorter than the laser wavelength, and energy deposition can be realized at near-solid
density (Kieffer et al. 1989). Electrons are thus heated extremely rapidly and the ultrathin foil is uni-
formly heated before any hydrodynamic expansion occurs. At low temperature, the electron–ion
equilibration time can be shorter than the pulse duration and the system reach the equilibrium state
during the laser pulse.

Two experimental methods have been currently explored to produce such hot plasma slabs from
ultrathin foil solids irradiated by laser. The first one is based on the use of a judicious choice of laser
intensity and pulse duration (a few hundreds of fs) to generate a radiation pressure confinement effect
limiting hot plasma expansion during the laser pulse (Peyrusse et al. 1995; Gallant et al. 2000a).
However, this method remains limited to a very narrow range of parameters and is very sensitive to
beam quality and 2-D/3-D effects. A second method relies on the use of a sufficiently short pulse
(few tens of fs) to heat up the target instantaneously at near-solid density on a time scale shorter than
the hydrodynamic expansion time. Figs. 2 and 3 schematically show the difference between the abla-
tive regime obtained with a thick target and a long (nanosecond range) pulse (Fig. 2) and the iso-
choric heating regime achieved with a short pulse (fs range) and a thin foil (Fig. 3).

Experiments realized with ultrathin foils, fs laser pulses, and with low to intermediate laser intensities
demonstrated the possibility to generate high-density (near-solid density) plasmas with temperatures
in the range from a few eV to a few hundred eV and allowed the measure of plasma conductivity at
solid or near-solid density as a function of the temperature and at low excitation specific energy den-
sities between 20 MJ/kg (Ao et al. 2006; Chen et al. 2018) and 103 MJ/kg (Mo et al. 2017; Mahieu
et al. 2018).

As an example, we consider here a recent experiment done at the Advanced Laser Light Source by
University of Alberta and University of British Columbia groups (Mo et al. 2017). A 50 nm Al
foil is heated at 25 eV at solid density (generating a warm dense plasma) with a 30 fs pulse focused
at 1015 W/cm2. The absorption is measured to be around 45%. From the irradiated volume and
the experimentally measured absorption, we can deduce a specific energy density of 103 MJ/kg

Fig. 2. Ablative regime (Basov et al. 1968b; Floux et al. 1970). (a) Interaction geometry: The laser interacts with
the plasma created at the target surface and expands during the pulse towards the laser. (b) Energy deposition rate:
The plasma gradient scale length (L) is large compared to the laser wavelength λ due to the plasma expansion and
the energy is absorbed at the critical density nc. (c) Various fronts propagate inside the target as a function of time.
The interaction is dominated by the propagation of a thermal wave (TW) at early time, and then the shock front
moves ahead, followed by the deflagration front.
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(Mo et al. 2017). Using a very simple model for energy deposition at near-solid density (Kieffer et al.
1989), we obtain for the absorption A = 2.7 × 108 νef Z (1/(λμ

1/3 τ2/3 TK
13/6)), and for the temperature

T = 1.08 × 107ν6=11ef Z6=11λ2=11μ τ4=11ðI0τ=d0Þ6=11

where TK is the electron temperature in K, I0 is the incident laser intensity in W/m2, τ is the pulse
duration in s, d0 is the target thickness in m, Z is the average ionization, and λμ is the laser wavelength
in μm. The parameter νef is defined as the coefficient of the collision frequency v = νef Z ne/T

3/2.
Assuming that the average ionization at this intensity is Z = 6, and taking νef = 2.6 × 10−8

(m3 K3/2/s), one obtains A = 53% and T = 30 eV, which agrees with the experimental data. The specific
energy density is thus, for Al, ε (MJ/kg) = 12 τ4/11 (I0 τ/d0)

6/11. In principle, with ultrathin foils
(10–200 nm thickness range) the radiation Planck mean free path is larger than the initial foil thick-
ness d0, and the radiation contribution to the specific energy density remains negligible.

Measuring the values of the plasma slab parameters (temperature, specific energy density, electron
density) reached through the laser energy deposition is an unbelievable challenge since space and time
scales are very short and the system can be out of equilibrium. One idea to access initial specific
energy density of heated ultrathin foils is to measure the adiabatic cooling of the foil, looking to a
plasma density decompression time τ (ne = n0 e

−t/τ where ne is the electron density at the time t and
n0 is the initial plasma density), which should be faster when the temperature is higher. The initial
specific energy density could thus be obtained from the expansion history ε = cs

2/γ = d0
2/γτ2, where

cs is the ion acoustic velocity and γ is the ratio of specific heats. The slab electron density time history
is inferred from time resolved X-ray spectroscopy of plasma line emissions.

The temporal resolution challenges for X-rays
Streak camera coupled to a spectrometer became progressively the most adapted tool to see the
dynamics of various ionization states in laser-produced hot plasmas. Modern streak cameras are
based on the tube converter concept introduced in 1949 by J.S. Courtney Pratt (Courtney-Pratt
1949) and refined by Russian groups in the mid-1950s (Butslov et al. 1959). The laboratories involved
in ICF research started to develop their own high-speed instrumentation in the 1960s and cameras
with resolutions in the 50–100 ps range were available at the beginning of the 1970s (Huston 1964;
Zavoisky and Fanchenko 1965; Bradley 1973). The first X-ray streak camera was developed at the

Fig. 3. Isochoric heating regime (Kieffer et al. 1989). (a) Interaction geometry: The laser pulse interacts directly
with the thin foil at solid density. (b) Energy deposition rate: As the heating time scale is shorter than the hydro-
dynamic time scale, L/λ remains small and the energy is absorbed at near solid density. (c) The target is isochori-
cally heated at solid density during the laser pulse and then expands adiabatically at the end of the laser pulse.
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Lawrence Livermore National Laboratory (LLNL) in 1974 with a 15 ps time resolution (McConaghy
and Coleman 1974). At the same time, the Commissariat aux Energies Alternatives (CEA) groups
introduced tube with lamellar electron optics that have been progressively refined to achieved 2 ps
temporal resolution (Boutry et al. 1979, 1983; Girard et al. 1984; Sauneuf 1989).

In 1989, the Berkeley group (Murnane et al. 1989) demonstrated that it was possible to achieve a 2 ps
time resolution with a commercial Kentech X-ray streak camera modified by using a high extraction
voltage, a photocathode delivering very narrow distribution of photoelectrons and fast sweeping.
Similar time resolution was demonstrated with the C850X X-ray streak camera designed by CEA
and based on the bi-lamellar electron optics concept (Mens et al. 1991). Fig. 4 shows the architecture
of the bi-lamellar tube.

The 2 ps limit was essentially due to transit time dispersion between the photocathode and the accel-
eration plane. At the beginning of the 1990s, several groups started to develop new X-ray streak tubes
to push the time resolution limits in the sub-picosecond range. By applying a pulse field of 270 kV/cm
to the photocathode accelerating structure, the LLNL group (Shepherd et al. 1995) was the first to
break the 1 ps barrier achieving in 1995 a 900 fs temporal resolution. Similar temporal resolution
(880 fs) was achieved in 1996 with meander-type deflection plates (Chang et al. 1996). The INRS
group achieved similar 850 fs time resolution in 1996 with the PX1 sub-picosecond X-ray streak cam-
era (Coté et al. 1997a), specifically developed for time-resolved X-ray spectroscopy, based on a shorter
bilamellar tube and minimizing the dispersion of photoelectron transit time inside the tube (in a near
paraxial mode) and focusing aberrations. LLNL achieved later, in 2000, a 500 fs time resolution with
the TREX camera (Shepherd et al. 2004). Several generations of sub-picosecond X-ray streak cameras
(PX, HX, FX, and FXR cameras based on different streak tube designs) were developed at INRS
between 1995 and 2005. However, the record 350 fs temporal resolution in single-shot mode in the
keV range was obtained with the PX1 camera in 2000 with a cathode extraction field of 250 kV, while
maintaining a high spatial resolution of 40 μm along an axis perpendicular to the time dispersion
direction (Gallant et al. 2000b).

Fig. 4. Components of a streak camera tube (Mens et al. 1991). X-rays are converted to electrons by the photo-
cathode. The photoelectrons are accelerated and focused on a phosphor screen by a set of lenses including a quad-
rupolar lens for the imaging along the spatial axis (horizontal axis). Time history (along the vertical axis) is
obtained by deflecting electrons with a fast high-voltage ramp.
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Time-resolved X-ray emission spectroscopy
The first significant step in time-resolved X-ray spectroscopy was realized in 1976 by LLNL (Atwood
et al. 1976) with a 15 ps time resolution (McConaghy and Coleman 1974), the spectral information
was obtained with a set of K-edge filters in front of the streak camera’s slit. The first time-resolved
spectrum, published in 1980, was obtained with a streak camera having a 70 ps time resolution
coupled to a crystal spectrometer (Key et al. 1980). Line emission from a neon-filled micro-balloon
irradiated by a 100 ps laser pulse was observed giving access to the time history of the expanding
plasma over 500 ps (Kauffman et al. 1982). Very quickly after these first results, several experiments
reported various time-resolved spectra, with time resolution in the 10–100 ps range, deriving the tem-
poral dependence of the electron temperature (Burnett et al. 1984; Gizzi et al. 1994) and showing the
local heating of hot electron population (Burnett et al. 1984).

Various improvements have been done in parallel on photocathodes (Henke et al. 1981) enabling
shorter time resolution at the beginning of the 1980s and, as an example, implosions times of irradi-
ated micro-balloons were measured with an absolutely timed X-ray streak camera and a 15 ps resolu-
tion (Letzring et al. 1983). Streak tubes for fusion have been progressively refined and improved
(Jaanimagi et al. 1988; Kalantar et al. 1997; Kimbrough et al. 2001; Donaldson et al. 2002; Kuba et al.
2004; Marley et al. 2012; Opachich et al. 2012; Howorth et al. 2016; Zuber et al. 2016) and applied to
time-resolved spectroscopy of large plasmas with high dynamic range. Time and two-dimensional
space-resolved monochromatic imaging, obtained with an X-ray streak camera coupled to a Johann
spectrometer, has been realized and was used to study the dynamics of Ne-like population in
collisionally excited X-ray laser (Nantel et al. 1993).

The first time-resolved spectra (from Aluminum He-resonance line to Be-like short-lived emission)
with a 2 ps time resolution was obtained in 1993 (Kieffer et al. 1993b) and showed the importance
of non-Maxwellian character of the electron distribution (as previously demonstrated with X-ray
polarization spectroscopy (Kieffer et al. 1992)) and demonstrated the power of ultrafast X-ray spec-
troscopy technique to study ultrashort laser–matter interaction (Tsakiris 1990; Gizzi et al. 1994;
Kieffer et al. 1996; Coté et al. 1997b; Bastiani-Ceccotti et al. 2004; Nilson et al. 2015). In 2000, two
experiments (Gallant et al. 2000b; Shepherd et al. 2004) reported measurements of time-resolved
K-shell line emissions with a 500 fs resolution with the TREX camera (Shepherd et al. 2003, 2004)
and 350 fs resolution with the PX1 camera (Gallant et al. 1997, 2000b). Since then, to the best of
our knowledge, no other time-resolved keV X-ray spectroscopic measurements have been reported
with faster resolution, and these two experiments remain the fastest X-ray spectroscopy ever realized
with resolution in the 400–500 fs range.

To measure the initial hot solid-density plasma slab, several experiments have been realized to time-
resolved Li-like lines emitted by a hot highly ionized plasma that provides the information on the
electron density. The result of our experiments with the PX1 camera (Gallant et al. 2000b) at an inten-
sity of 5 × 1018 W/cm2, 0.53 μm wavelength, and short pulses (150 fs) showed (Fig. 5) that a 50 nm Al
foil decompress extremely fast when the interaction is purely thermal, with no hot electrons (less than
1% of the laser energy in the hot electron distribution).

The Al Heα resonance line (1s2-1s2p) at 7.76 Å shows a very fast peak, with a full width at half
maximum (FWHM) of 700 fs, followed by a tail which is a few picoseconds long. One-dimensional
simulations (Gallant et al. 2000a) in these experimental conditions give a 300 fs plasma slab
decompression time, a 600 fs Heα FWHM, and an initial electron temperature around 1 keV at
near-solid density, corresponding to a specific energy density of around 5 × 104 MJ/kg. This measured
Heα resonance line FWHM (700 fs) is, to my best knowledge, the shortest duration ever measured for
such a highly ionized emission.
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The presence of a hot electron population (10% and more of the laser energy in the hot electron dis-
tribution), generated by nonlinear effects during the interaction between a p-polarized pulse and the
foil, changes completely the foil dynamics. At the same laser intensity, but in p polarization, the same
wavelength and same experimental geometry (Gallant et al. 2000a), the decompression rate is longer
(3 ps) and much slower than expected (0.6 ps) with 1-D simulations and observed when no hot elec-
trons are present (Fig. 5). The specific energy densities that could be deduced from the measured
decompression time in our experiments with p-polarized pulse is lower and less than 104 MJ/kg.

The dynamic range challenge
In the ultrafast domain, the X-ray streak camera temporal resolution was improved with the INRS
PX1 camera but to the detriment of the dynamic range. The dynamic range is a fundamental param-
eter for laser–matter interaction experiments, which is related to the electronic tube throughput
(Jaanimagi et al. 1995; Mens et al. 1997). In the sub-picosecond regime, it can be severely limited by
the specific conception of the tube. To increase the time resolution, the electron trajectories can be
selected inside the tube and only paraxial trajectories can be used to achieve temporal information.
In these conditions the tube transmission and signal to noise ratio remain low, and rapid photoca-
thode depletion, space charge effects, and saturation effects can limit the dynamic range of the instru-
ment to less than a factor 10 at the best temporal resolution (Edwards et al. 2007). Several groups
started to use streak cameras coupled to laser-driven photoconductive switches and demonstrated
the ultrafast jitter-free time-resolved signal (Margulis et al. 1980; Mourou and Knox 1980; Knox
and Mourou 1981; Yen et al. 1984; Maksimchuk et al. 1996; Coté et al. 1998; Chernousov et al.
2000; Belzile et al. 2002; Eagleton and James 2003; Liu et al. 2003; Sun et al. 2005; Bonté et al. 2007;
Feng et al. 2007; Martel et al. 2007). Sub-picosecond resolution (600–800 fs) with no limitation on
the dynamic range was obtained in 1998 with the PX1 streak camera by jitter-free accumulation of
time-resolved signal (Coté et al. 1998) with high repetition rate lasers. In this accumulation mode,
the ultimate time resolution of the detection system is the convolution of the intrinsic streak camera
resolution with the trigger precision. The FX1 camera, constructed by INRS group in 2002 and spe-
cifically designed to operate in signal averaging (accumulation) mode, was coupled to a conical crystal
spectrometer and was used for sub-picosecond spectroscopy of laser irradiated Ar cluster X-ray
source (Bonté et al. 2007). Very long-term stability (a few hours) of this device has been demonstrated
allowing time resolved spectroscopy of low brightness X-ray sources (Bonté et al. 2007).

Fig. 5. Time-resolved spectrum of an Al 500 Å free-standing foil irradiated by a 150 fs, 0.53 μm laser pulse at
5 × 1018 W/cm2 obtained with the PX1 streak camera (Gallant et al. 2000b). The lines observed are the Al Heα res-
onance line (1s2-1s2p) at 7.76 Å and its Li-like satellites (1s22l-1s2l2l′) at longer wavelengths. Reproduced from
Gallant et al. (2000b), Characterization of a subpicosecond X-ray streak camera for ultrashort laser-produced
plasmas experiments. Review of Scientific Instruments, 71: 3627–3633 with the permission of AIP Publishing.
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The ultrashort laser–matter interaction challenge at
extreme intensity
When the laser intensity is increased to try to achieve solid density plasmas with higher excitation
specific energy densities and temperatures, the interaction between the laser pulse and an ultrathin
foil is no longer purely thermal and becomes more and more complex and new processes and mech-
anisms have been predicted. In the ultrathin target (thickness in the nanometer range) the direct laser
field may play an important role in the electron dynamics and in the foil expansion since the skin
depth is in the 10 nm range (Steinke et al. 2010). Hot electron populations can also change the foil
dynamics through resistive heating, hot electron recirculation, and magnetic fields (Fuchs et al.
1999; MacKinnon et al. 2002). This has been widely studied both experimentally and theoretically
for laser intensities in the 1018–1022 W/cm2 range with ultrathin foils and also in the context of ion
acceleration with foils having thickness in the micrometer range. Ultrathin foil could also be directly
accelerated by the laser radiation pressure as a piston (Esirkepov et al. 2004; Macchi et al. 2009;
Schlegel et al. 2009; Albright et al. 2010; Yan et al. 2010) by high Mach number collisionless shocks
(Forslund and Shonk 1970; Silva et al. 2004) or by the radiation transport, which could become dom-
inant over thermal conduction (Sigel et al. 1992; Ditmire et al. 1996). At a high intensity, time-
resolved optical probing of ultrathin foil shows a very fast expansion of the target with rear side foil
velocity along the target normal (axial) reaching up be 8 × 108 cm/s 10 ps after the main pulse with
10 and 30 nm thin foil and decreasing with time (Fourmaux et al. 2011). High axial expansion veloc-
ities (2.3 × 108 cm/s at early expansion times) decreasing with time have already been reported in one
experiment at high intensity (2 × 1018 W/cm2) with long pulses (1 ps) and a thick target (Beg et al.
1997). The observation of such a large foil velocity, related to high pressure, is intriguing. Special con-
ditions are achieved in this regime, which could involve strong return currents, recirculating hot elec-
trons and radiation effect, and magnetic field among other effects. Some scenarios also involve
Coulomb explosion, a well-known process occurring with molecules and clusters, and it also happens
in plasmas during the interaction of a relativistic pulse with an ultrathin foil target (Fourkal et al.
2005; Mourou et al. 2006; Guskov 2020) related to the response of the matter to the hot electron pop-
ulation leaving the target and inducing strong charge separation effects in a thin foil. Radial return
currents composed of a high electron density population at low temperature cannot compensate for
the hot electron current going through the target or leaving the target.

In such a regime, the Coulomb field can eventually overcome the ambipolar field, which sends back
hot electrons towards the target. The coulomb field is given by Eel = (1/6)πkc Zenid0, where kc =
8.987 × 109 Nm2/C2 is the Coulomb constant and ni is the ion density uncompensated by electrons
inside the target. With ni = 3 × 1022 cm−3 (which corresponds to 50% of the initial ion density ni0)
d0 = 30 nm, and Z = 10, the kinetic energy (equal to the electrostatic energy) of a proton accelerated
by the Coulomb explosion is 2 MeV, which is similar to the experimental observation (2.5 MeV)
(Fourmaux et al. 2011). The electrostatic effect is, in these conditions, accelerating heavier ions at a
velocity cs = 7 × 106 m/s, which is similar to the foil relaxation velocities observed in Fourmaux
et al. (2011). The pressure per unit mass inside the target in those conditions is
P/ρ = dcs/τL = 7 × 106 MJ/kg, which indicates that the system could be put in motion by the electro-
static pressure giving an effect similar to a very high specific energy. More experiments are needed
in this regime to capture the complexity of this interaction regime.

Perspectives
Several new concepts have been proposed during the past 20 years to go beyond the few hundred fs
temporal resolution (Fanchenko and Schelev 1999), but practical implementation on time-resolved
X-ray spectroscopy has not been realized. A combination of an electrostatic field and a
radio-frequency (RF) field electron mirror has been proposed to compensate for electron trajectories
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and reduce temporal resolution to 10 fs (Tron and Gorlov 2007). Electron mirrors and double cylin-
drical system have been proposed (Jaanimagi 2004) to control the electron time dispersion across a
streak tube, but space charge effects (Siwick et al. 2002) remain a concern and such systems have
not been incorporated into a streak camera. A THz camera has also been developed and incorporates
a gas as a source of photoelectrons. The ionization is localized in an external THz field that is streak-
ing the photoelectron energy spectrum. Resolution of around 10 fs (Frühling et al. 2009; Gorgisyan
et al. 2015) has been obtained with free electron laser (FEL) sub-keV X-ray pulses, but such a
streaking technique is difficult to implement to simultaneously resolve an X-ray pulse spectrally and
temporally. The use of noble gas atoms as a photocathode has also achieved temporal resolution in
the sub-picosecond with extreme ultraviolet (XUV) pulses (Warntjes et al. 2001). An electron
pulse-dilation technique in which an electronic signal is slowed down using velocity dispersion
through a vacuum drift tube has also been explored (Cai et al. 2016; Hares et al. 2016) and used with
some success, but time resolution remains still large.

In conclusion, despite all this progress, time-resolved X-ray emission spectroscopy and time-resolved
X-ray absorption spectroscopy (Shepherd et al. 2001; Lecherbourg et al. 2006) with extreme (10 fs
range) time resolution remains elusive.
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