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Abstract: In this article, we present an overview of the application of X-ray self-emission methods for
the imaging of hydrodynamic astrophysical phenomena in laboratory-scale experiments. Typical
diagnostic approaches, their advantages, drawbacks, and application perspectives are considered.
We show that X-ray imaging and spectroscopy methods with 2D and even 1D spatial resolution
are valuable for numerous laboratory astrophysical problems. Furthermore, the methods revealed
the hydrodynamic evolution, the spatial shape and structure, and spatial features of important
parameters such as electron density and plasma temperature of astrophysical objects and related
phenomena, which are also required for the verification of astrophysical models.
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1. Introduction

The idea of using lasers to create high-temperature plasma was first publicly pro-posed
by N.G. Basov in 1961 at a meeting of the Presidium of the Academy of Sciences of the
USSR; it was theoretically substantiated in 1964 [1]. The work [1] caused a worldwide
sensation and laid the foundation for a new field, inertial thermonuclear fusion. As part of
this field, huge facilities with pulsed high-power lasers were built in the Russian Federation,
the USA, Japan, England, France, and Germany.

Although Basov’s research was concerned with the generation of plasma primarily
for a controlled thermonuclear reaction, its fundamental and applied significance proved
immeasurably more far-reaching. From a fundamental point of view, it generated the
possibility of creating a laboratory object with well-controlled parameters and ultra-high
energy density to study the physical processes taking place within. From an applied point
of view, it led to the creation of powerful sources of coherent (X-ray laser) and thermal
radiation that became extremely useful in several scientific fields that are not directly related.
One example is X-ray spectroscopy of multiply charged ions, which is both experimentally
and theoretically important. For experimentalists, laser plasma has become an object where
ions with a very high ionization multiplicity can be obtained relatively easily. The good
controllability of the parameters of the plasma also made it possible to perform fairly
accurate spectral measurements. The results of these measurements made it possible to
benchmark the results of theoretical calculations of the spectra of multiply charged ions,
even in situations where relativistic effects, where the significance increases with ion charge,
become very important.

Another good example is laboratory astrophysics, which allows the dynamics of short-
lived plasmas to be studied experimentally in the laboratory and is scalable to the long-
lived astrophysical objects. It turned out that the plasma generated by high-power lasers
is extremely suitable for the experimental modelling of various astrophysical phenomena

Symmetry 2022, 14, 2536. https://doi.org/10.3390/sym14122536 https://www.mdpi.com/journal/symmetry

https://doi.org/10.3390/sym14122536
https://doi.org/10.3390/sym14122536
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0001-8774-8860
https://doi.org/10.3390/sym14122536
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym14122536?type=check_update&version=2


Symmetry 2022, 14, 2536 2 of 20

under laboratory conditions (see e.g., [2–6]). Thus, N.G. Basov’s proposal has indeed played
a crucial role in the emergence of this field of research, although not intended.

Laboratory astrophysics started at the beginning of the 20th century with the work of
Kristian Birkeland in the so-called “Terrella experiments” [7] and became more widespread
only recently after the work of Ryutov, Falize, and Podgorny/Sagdeev [8–10]. Observations
of astrophysical plasma objects only provide information about the current state of the
object, which has slowly evolved over millions of years. This means that researchers have
no experimental material describing the dynamics of such objects. Even data obtained over
10 years refers to almost the same moment in time in the evolution of most astrophysical
objects. Therefore, until recently, our understanding of many astrophysical processes
depended exclusively on computer simulations. Verification of the adequacy of such
simulations could only be based on a comparison of theoretical and experimental results
obtained for a single temporal point.

The aim of the emerging research field was to generate complex dynamical phe-
nomena to study hydrodynamic mixing, supersonic plasma flows, shock wave physics,
radiative hydrodynamics, plasma photoionization, etc. All these processes contribute to
the understanding of the physics associated with a variety of astrophysical objects and
phenomena, including protostars and active galactic nuclei, supernova explosions, the
successive formation of molecular cloud remnants, instabilities, the formation of accretion
columns in astrophysical systems, etc. The questions of scaling between laboratory and
astrophysical plasmas and the applicability of this method are considered in detail in
the following papers [8–12]. It should be noted that other configurations can be used for
laboratory modelling [11], e.g., powerful Z-pulsed facilities [13–15] and spheromak-like
jets [16,17]. However, the role and contribution of laser-induced plasma in this research
field is most significant.

For the quantitative and qualitative analysis of astrophysical processes, it is therefore
crucial to determine the dynamics and parameters of the laboratory plasma, which requires
the use of different imaging techniques with high spatial resolution, a suitable field of view,
and within a certain energy range. Research in the X-ray range is extremely important as it
helps to reveal the emission parameters in the high-energy part of the spectrum, which is
used to determine the dynamics and parameters of the object when optical methods are
not applicable, and also to determine the plasma structure and ionization composition [18].
In this case, it is not always possible to use radiographic methods, i.e., methods with a
backlighting illumination source, due to the limitations of the setup or the geometry of the
plasma formation in the experiment.

Therefore, in this review, we focus on the methods for visualizing and determining
the parameters of astrophysically-relevant objects modelled with laser-generated plasma in
the laboratory. First, we will look at the methods of X-ray self-emission imaging used in
laser plasma experiments (Section 2), then show the results of some of these methods in
laboratory astrophysics (Section 3), and finally discuss their advantages/drawbacks and
perspective applications (Sections 3 and 4).

2. Basic Aspects of Laser-Induced Plasma X-ray Imaging

In general, self-emission imaging of laboratory plasma can be carried out in the
following two ways: with the use of dispersive optical elements (for example, crystals,
gratings, mirrors) and without them, when emission without reflection and refraction hits
the detector, as, for example, in a pinhole camera.

2.1. Imaging of Laboratory Plasma without the Use of Dispersive Elements

In a pinhole camera, an optical image occurs when light from an object passes through
a small hole and creates an inverted image on the detector (Figure 1a). Temporal resolution
can be achieved if applied to detectors with a fast shutter. For X-ray imaging in a specific
spectral range, the self-emission from the object is typically filtered using a simple filter
system with the desired bandwidth. It is not always sufficient due to the low flexibility of



Symmetry 2022, 14, 2536 3 of 20

the filter used or the presence of a high-energy tail in the distribution of hot particles on the
detector. A detector that responds only to X-ray photons can also be used. The numerical
magnification M and geometric spatial resolution ∆xgeom of the pinhole camera are shown
below [19,20]:

M = l′/l = b/a,
∆xgeom = d×

(
1 + M−1), if d�

√
aλ

(1)

where a is the distance from the object to the hole, b is the distance from the image to
the pinhole, and d is the size of the hole. Thus, the spatial resolution is very close to the
hole size itself at sufficiently high magnifications. When using optical schemes with a
magnification less than 1, the hole size must be significantly smaller than the source size so
that the resolution of the entire system is less than the image size.

It is worth noting that the pinhole camera cannot provide extremely high image
sharpness, which is usually determined by a combination of spatial resolution and image
contrast. When the pinhole diameter is reduced, sharpness increases up to a certain limit,
and when it is reduced too much, the effects of light diffraction at the pinhole occur, making
the image less sharp [19]:

∆xdi f f ∼ (aλ)1/2 , if d ∼ l′ (2)

where λ is the wavelength and ∆xdi f f is the resolution limit due to diffraction.
In laboratory astrophysical experiments, however, quite large plasma structures with

a spatial scale of approximately 1 mm are often studied [21–23], and so a resolution
of the order of tens of microns is typically required. In this case, for a wavelength of
approximately 10 Å and a distance to the object of approximately 50 cm, Equation (2)
gives a spatial resolution of ~20 µm, which satisfies the above requirements. Moreover,
the actual spatial resolution is often limited by the size of the detector pixel. For example,
conventional fluorescence image plate type detectors provide a spatial resolution of 25 µm
at best, which is defined by resolution of the scanning system [24].

Figure 1. Optical schemes showing basic methods of X-ray emission imaging. (a) Pinhole camera.
(b) Construction of spectrally selected images based on spherically curved crystals. (c) Schematic
of imaging with reflective diffraction gratings. (d) Multilayer mirror with a variable coating thick-
ness [25]. The figure (c) shows that the vertical size of the source, without being limited by a special
horizontal slit or a pinhole, leads to strong smearing of the spectral data.
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According to Formula (2), it makes no sense to use a pinhole with a size smaller than
the diffraction limit. However, in this mode, the pinhole camera can register X-ray images
without applying additional filters in the optical and ultraviolet ranges. It is also worth
mentioning that pinhole cameras are difficult to use when the target is irradiated with
high-power laser pulses due to the strong background in the hard X-ray range [26]. In
this case, combined methods can be implemented by using auxiliary X-ray optics, such as
mirrors or crystals.

Thus, using a pinhole camera and the necessary detecting devices (image plate, streak-
camera, X-ray film, etc.), it is possible to register X-ray images in a wide range of energies.
However, due to the absence of the photon energy dispersion, it is impossible to determine
spectrally dependent parameters of the object under investigation. Currently, one of the
most effective methods for diagnosing high-temperature plasma is the spatially resolved
X-ray spectroscopy of the emission of multiply charged ions that provided not only spatial
characteristics, but also spectral characteristics, of objects using various dispersive elements
in the path of X-ray emission from the object. This makes it possible to measure important
spatial profiles of plasma parameters, such as electron temperature, density, emissivity, etc.

Therefore, at present, the solution for the most urgent problem in X-ray spectral stud-
ies of high-temperature dense plasma is based on increasing the luminosity and spectral
resolution of diagnostics, as well as on creating the new types of imaging spectroscopy
devices, which, at a reasonable luminosity, simultaneously have a high spectral and spa-
tial resolution.

2.2. Imaging Using Dispersing Elements

Of the multitude of spectral devices for the wavelength range of 1–20 Å, in principle,
only spectrographs with a crystal dispersive element can provide the required spectral
resolution in the experiment. Application of flat crystals is the conventional and simplest
technique for studying the spectral and spatial properties of plasma objects. Together
with the Bragg selectivity of the crystals, spatial resolution is easily achieved here by the
insertion of a narrow slit lying in a plane perpendicular to the direction of dispersion. The
main disadvantage of this scheme is that the spatial resolution depends on the size of the
slit and the spectral resolution depends strongly on the size of the source [27]. To improve
the spectral resolution, the distance between the crystal and the detector must be increased,
and it is desirable to work with small Bragg angles that are close to zero. This leads firstly
to an increase in the width of the rocking curve of the crystal, which worsens the spectral
resolution, and secondly, the luminosity decreases since it is inversely proportional to the
square of the total distance between source–crystal–registration plane. Alternatively, if the
cylindrical profile of crystals is used as defocusing spectrographs [28], the spectral range
of the measured emission lies in the entire wavelength range from λ = 0 to λ ≈ 2d/m.
However, due to the increased divergence of the emission when reflected from a convex
surface and the rather small aperture used, in practice, defocusing spectrographs can only
be used to study high intensity X-ray sources. For astrophysical laboratory objects, the
intensity of the self-emission is usually not strong enough, so dispersive elements and
measurement schemes with higher luminosity are desired [29,30].

The use of cylindrical crystals as dispersive elements in a mode where the emission is
reflected from the inner concave surface of the crystal, such as in the schemes of Von Hamos,
Johann, and Cauchois, has significantly increased the luminosity of the technique [31,32].
In this case, the crystal surface, similar to a conventional cylindrical mirror, focuses the
reflected emission in the plane of curvature, which increases its intensity in the image plane.
However, this system also has serious disadvantages. It is very sensitive to misalignment;
if one moves the source away from the axis of the cylinder, this leads to a shift out of focus
and a loss of resolving power. A slight disorientation of the registration plane relative to the
axis of the cylinder leads to blurring and distortion of the spectral lines, resulting in large
errors in the measurement of their wavelengths and intensities. Moreover, the spectral
resolution is still inversely proportional to the size of the source, and such spectrometers
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based on cylindrical or flat crystals require the additional use of slits to achieve the required
spatial resolution in the sagittal direction. In terms of geometrical optics, the dispersion
plane or the plane containing the Rowland circle is the meridional plane and the plane
perpendicular to the plane of the Rowland circle is the sagittal plane.

In the mid-1990s, in connection with the development of a high-quality bending tech-
nique for spherical surfaces of crystals of sufficient size and with radii of curvature down
to 80 mm, it became possible to develop a new type of X-ray spectrograph that has not only
dispersive but also focusing properties [33]. The design was called “Focusing Spectrometer
with Spatial Resolution” (FSSR) and it typically uses spherically bent crystals with radii of
curvature R = 100–500 mm in laser-plasma experiments (e.g., [34–37]). In addition to mea-
suring the spectral composition of the emission, it is possible to obtain images of plasma
objects in different spectral lines or narrow ranges. The main advantage over traditionally
used devices is the high luminosity combined with a high spatial resolution (up to 10 µm),
while maintaining the maximum possible spectral resolution for this dispersive element
(up to λ/dλ = 10, 000). The general features of this spectrograph are discussed below.

The formation of a spectrometric image on a detector using a spherically bent crystal
(Figure 1b, FSSR) is based on both the properties of conventional geometrical optics and the
use of Bragg diffraction for short wavelengths [38]. The properties of the recorded images
are determined by the initial parameters of the scheme: type of crystal (material and lattice
parameters) and its radius of curvature; distances between the source and the crystal, as
well as between the crystal and the detector; relative angular position between the crystal
and the detector; etc. When reflecting with a crystal for a given Bragg angle, the initial
condition for the point-like source must satisfy the following equation:

nλ = 2dsinθ, (3)

where d is the interplane distance for the crystal lattice, θ is the Bragg angle, λ is the
wavelength, and n is the order of reflection. In practice, this equation is valid near a certain
angle, considering the rocking curve of the crystal. An important parameter is usually the
central wavelength, i.e., the wavelength that, in Equation (3), corresponds to the angle at
which the beam from the source hits the center of the spherical surface of the crystal. At
the same time, the central wavelength does not correspond to the center of the image due
to the non-linearity of the dispersion curve. The Young–Abbe equations, which describe
the propagation of elementary beams when reflected from a spherical mirror, have the
following form for the sagittal plane:

1
a
+

1
bs

=
2cosϕ

R
(4)

and for the meridional plane:

1
a
+

1
bm

=
2

Rcosϕ
(5)

where a is the distance from the source to the center of the crystal, ϕ = 90◦ − θ is the angle
of incidence, R is the radius of curvature of the crystal, and bs and bm are the distances from
the crystal to the sagittal and meridional planes of the image [39].

The dispersion scheme when the detector is on the Rowland circle is shown in
Figure 1b. In this special case, the position of the detector must correspond to the po-
sition of the sagittal focus for central beams. According to the properties of the Rowland
circle, the spectral resolution in the measured image does not depend on the size of the
source. With such a scheme, it is therefore possible to obtain spectrally resolved images
with one-dimensional resolution. If the detector is moved away from the Rowland circle
and at the same time the condition (4) for the distances a and bs is maintained, the image
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becomes two-dimensional. The magnification (for 1D and 2D schemes) in the sagittal plane
is defined by the following equation, as for the usual optical scheme:

βS =
a
b

, (6)

For a scheme with one-dimensional resolution, the relation bs = R cos ϕ0 is satisfied,
where ϕ0 is the angle of incidence for the central wavelength. This leads to the definition of
the distance between the source and the crystal as follows:

a =
Rcosϕ0

cos2ϕ0
, (7)

For a 2D scheme with a given central wavelength λ0 and the required linear magnifi-
cation in the sagittal plane βS:

a = R(βs+1)

2βscos
(

90◦−arcsin nλ0
2d

) ,

b = aR
2acosϕ0−R

(8)

The linear magnification in the meridional plane βm is equal to the ratio of the distance
between the Rowland circle and the plane of registration to the distance from the source to
the Rowland circle. With the help of Equation (8) and the knowledge that the distance from
the crystal to the Rowland circle is R cosϕ0, one can easily find out:

βm =
R[a− cosϕ0(2acosϕ0 − R)]
(Rcosϕ0 − a)(2acosϕ0 − R)

(9)

It follows from Equations (6) and (9) that βs 6= βm and an anamorphic image is formed
in the image plane of the 2D scheme. In most practical cases, the coefficient of anamorphosis
is K = βm/βs = 0.3/3. If the distance between the object and the center of the crystal is
equal to twice the sagittal focal length (a = R/cosϕ = R/sinθ), then both magnifications
are equal to one: βs = βm = 1. Note, schemes based on spherically-bent crystals can also be
used to visualize X-ray images in a rather narrow spectral range if the detector is placed in
the meridional plane of the image or even between the sagittal and meridional planes [39].

Thus, with a certain relative position of the crystal and the detector, systems based on
spherically-bent crystals can be used both as a conventional imager with two spatial axes
and as an excellent instrument for measuring plasma profiles of parameters due to the high
spectral resolution and luminosity. Limitations of the applicability of these spectrographs
include the inability to operate with wavelengths λ & 30 Å.

In addition to spherically-bent crystals, systems with toroidal crystals are also worth
mentioning [40,41], which are also characterized by high luminosity and spatial resolution.
With unequal radii of curvature, toroidal crystals can be made astigmatism-free, so that
any Bragg angle can be chosen, even in the 1D scheme, for which there is a limitation in
spectrometers with a spherically curved crystal (FSSR in 1D geometry is used for a Bragg
angle of more than 45◦).

Visualization schemes based on diffraction gratings are similar to the ones based on
crystals. The concept is shown schematically in Figure 1c for the concave reflecting grating.
The reflecting grating consists of grooves superimposed on a reflecting surface, while the
transmitting one is superimposed on a transparent surface. Basically, diffraction grating is
a set of elements (reflective or transmissive, depending on the type) systematically divided
by a distance comparable to the wavelength of light and where a spatial modulation of
the refractive index is observed. Therefore, the use of a diffraction grating is limited from
below, as it is currently not possible to produce gratings with elements divided by units
of Angstrom. In diffraction, an electromagnetic wave incident on the grating changes the
amplitude of its electric field and/or its phase in a predictable manner due to periodic
changes in the refractive index near the grating surface. Spectral resolution is achieved by
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focusing the signal on a portion of the Rowland circle or plane when the grating is concave,
taking aberrations into account.

The dispersion of the diffraction grating is given by a diffraction equation similar to
the Bragg equation in the case of crystals as follows:

nλ = σ0(sinα + sinβ), (10)

where n is the diffraction order, α and β are the angles of incidence and diffraction, and
σ0 is the nominal distance between the grating grooves. The distance to the image is
determined by the geometric scheme. To improve spectral and spatial resolution, slits are
often used here to limit the size of the source reflected from the grating surface. The spatial
resolution is thus determined by the slit, as in a pinhole camera. The maximum achievable
theoretical resolution is determined by the wavelength and the width of the grating [42]:
RMAX = 2W/λ. However, the spectral resolution depends not only on the parameters of
the grating, but also on the size and position of the slit used, as well as on the detector and
the source sizes. Thus, if there is no slit, the size of the plasma source strongly blurs the
received signal (Figure 1c). After convolution, the typical spectral resolution is usually of
the order of λ/dλ ∼ 100 [43,44]. However, it is worth noting that the reflection efficiency
and spectral range are quite high compared to crystals. An example of a spectrometer based
on a reflective diffraction grating is the VSG spectrometer with a concave grating [45].

Application of X-ray mirrors is also a good method to obtain X-ray emission images.
For the classical case of a near grazing incidence of the X-rays on the mirror, the refraction
angle is close to 90 degrees, so that the refracted wave does not penetrate deeply but travels
along the surface. In view of this, there is a critical angle θc, at which complete external
reflection occurs [46]:

cosθc = 1− δ,
n = 1− δ− iβ

(11)

where β describes the absorption, n is the refractive index, and δ is a function of the
electron density, the wavelength, and the scattering factor [46]. For the soft X-ray range,
this usually means that only single-layer mirrors with an interface between the vacuum
and the reflecting surface are used [47]. For hard X-rays, however, multilayer structures
can also be used (Figure 1d), where the signal absorption is not as high [25].

Mirrors with a grazing angle of incidence can be used with typical reflection in the
soft X-ray range up to 2–10 keV [48,49]. In particular, a 16-channel Kirkpatrick–Baez
microscope [49,50] can be used, where each channel uses two orthogonal parabolic mirrors
with a grazing angle of incidence. The first reflection focuses the signal into a line, which is
then focused into a point by the second mirror. Therefore, X-rays can be focused with better
spatial resolution and efficiency than with traditionally used pinhole cameras [49], which
can be used in combination with gated cameras that take multiple frames at once. However,
the spatial field of view of such a device is limited to a few hundred µm as the spatial
resolution decreases rapidly with an increasing field of view due to the serious off-axis
aberration. Therefore, construction of such a microscope is a rather complicated process as
each mirror must be set to exactly the same field of view and certain ratios between the
mirrors have to be maintained. In the mentioned project, the mirrors were cut to fit together
in the shape of a perfect 16-sided polygon, i.e., a hexagon. In particular, modification of
the ideal hexagonal arrangement of the mirrors is used [49], which allows the images to
be shifted so that they fall on rectangular camera strips with fast framing. The focus is
adjusted as follows:

1/a + 1/b = 2/ R sin ϕ (12)

where a is the distance from the object to the mirror, b is the distance from the image to
the mirror, R is the bending radius, and ϕ is the angle of incidence of the X-ray beam. The
basic concept is to simultaneously move and tilt the mirror to maintain the focus state
when the image position changes. Thus, a template of 16 images can be moved such that it
is projected onto the cathode strips of a high-speed framing camera, which are normally



Symmetry 2022, 14, 2536 8 of 20

spaced apart. It is worth noting that this geometry with X-ray optics at a grazing angle
is not the only system; there are many systems based, for example, on Wolter or Montel
mirrors, or optics such as the “lobster eye” [51–53], etc.

As mentioned before, the absorption in the deposition layers limits the final properties
of a multilayer mirror. However, in the case of a multilayer structure [47], this allows
reflection at angles greater than the critical angle of reflection of X-rays for that material.
This concept is based on the structural interference of waves reflected from different media
interfaces. Reflection from mirrors also obeys Bragg’s law, as in crystals (Formula (3)), using
the period of the layer structure l instead of the distance between the planes. Therefore, the
thickness of the required deposition depends on the angle of incidence of the X-rays [47].
The typical thickness of such depositions is more than ~10 Å [54], which is due to the
complexity of coating smooth atomic structures, limiting their use only to soft X-rays
(except at grazing incidence angle). The reflection at the boundary between the deposited
interfaces obeys the Fresnel equations, where the amplitudes of the reflected and refracted
waves correspond to the incident wave. The spectral resolution depends on the quality of
the deposited surface, or its flatness ∆l, and is significantly reduced at small wavelengths.

λ

∆λ
< l/∆l (13)

The spatial resolution of flat multilayer mirrors is determined by the size of the slit to
be inserted. With a curved substrate, such as crystals, it is possible to work with spatial
resolution without slits because of the shape of the surface; however, in this case, it becomes
more difficult to achieve good surface quality.

Fresnel lenses, which can combine the properties of diffraction gratings and multilayer
mirrors or crystals, should also be mentioned as optics used in experiments. For example,
there are schemes for using multilayer transmissive gratings as well as for depositing
grooves on crystals [33,55]. Mostly, such systems are used for active visualization with a
backlight source; however, the use of spherically bent crystals makes it especially possible
to use this approach for imaging self-emission spectra. The spatial resolution of the
Bragg–Fresnel structure is determined by the width of the last zone δ and depends on the
diffraction order m. The distance between two resolved points in the radial direction is
p ∼ δ/m, and the resolution in the axial direction is proportional to p2/λ [56]. Thus, the
spatial resolution can be fractions of µm [57,58], which extends the application range of
classical crystals and multilayer mirrors.

3. The Use of X-ray Images and Spectrograms with Spatial Resolution in Laboratory
Astrophysical Plasma Research

In the last 10–15 years, the methods described above have been actively used in the
study of astrophysical laboratory plasmas. In the following section, we give a number of
examples of such recent studies, showing the possibilities and prospects of X-ray imaging
methods for laboratory astrophysics.

3.1. Application of X-ray Pinhole Camera in Laboratory Astrophysics Experiments

Although the pinhole camera usually has relatively low spatial resolution for high
energy density physics, the flexibility of laboratory scaling allows the use of this diagnostic
device without obvious limitations due to scaling laws and the use of ~mm scale plasmas
in many experiments. Here, we will mention only a few of them. The additional use of
fast gated cameras makes it possible to obtain a time evolution of about 10–100 ns for a
plasma object, which is particularly useful when optical methods are no longer available
due to high density. In one study [59], for example, a four-frame X-ray pinhole camera was
used to study the generation of a magnetic field and the magnetization of an astrophysical
plasma. For this purpose, a laboratory experiment was conducted at the Prague Asterix
Laser System (PALS, Prague, Czech Republic). The laser pulse (~1016 W/cm2) irradiated
targets with a special shape in the form of a “snail” to generate a controlled spontaneous
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magnetic field. This approach is extremely interesting as it allows a high magnetic field
strength to be maintained over a long period of time, while the resulting plasma structure
is sufficiently stable and equilibrated.

A four-frame pinhole camera with an exposure time of about 1 ns and a delay of 3 ns
between frames measured the extreme ultraviolet and soft X-ray region of the laser-induced
plasma. The self-emission of the plasma was transferred to a microchannel plate (MCP)
connected to a Nikon D600 digital camera at a magnification of ~4. This experimental
geometry, including a pinhole diameter of 35 µm, resulted in a spatial resolution of approx-
imately 45 µm. The MCP detector is sensitive to photons in the energy range 10-10,000 eV.
The use of a 0.9 µm thick Mylar filter made it possible to cut off photons with an energy of
less than 100 eV. The spatial and temporal resolution achieved made it possible to capture
the self-emission of hot plasma (Figure 2a,b) in the X-ray region inside the ‘snail’ target
and to register the moment when the plasma explodes in the center of the target. It was
confirmed that the grazing incidence of the laser on a curved surface leads to a continuous
reflection of the light along the inner wall of the target.

Figure 2. (a,b) Images in the soft X-ray region taken with a four-frame pinhole camera [59] showing
evolution of the self-emission of the snail-shaped target at 0 and 3 ns. (c) X-ray images on a pinhole
camera with signal integration on the time for the magnetic reconnection experiment [60]. The red
lines indicate the direction of the jet. (d) 2D image [59] taken with a spherically curved quartz crystal
on an image plate and in a narrow spectral region near Cu Ka and for the same target as in figure (a,b).

For the experimental study of plasma jets with astrophysical similarity, the same
approach was used in [61]. Although the pinhole camera does not provide photon intensity
spectra, one of the channels of a fast gated camera can be used to filter a single frame and
compare the signal with an unfiltered image. In one study [61], this approach was used to
measure the electron temperature, which was Te = 50–150 eV in a jet and Te ≈ 150 eV in a
copper plasma with shock heating. It should be noted, however, that such a measurement
is not very reliable and is more of an estimate of the temperature from below since it is
based on a rough estimate of the bremsstrahlung in a rather broad spectral range.

The experiment at the PALS facility used four elliptical pinholes for the X-ray pinhole
camera, one of which was covered with 0.2 µm thick Fe foil. The pinhole images were
projected onto a four-quadrant detector with a gold-plated microchannel plate (MCP)
connected to a phosphor screen and was visualized with a Nikon D1X CCD digital camera.
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The exposure time was 2 ns and the adjustable intervals between quadrants were configured
so that imaging occurred at three different times, two of which measured open and filtered
emission simultaneously. The MCP was sensitive to photon energy in the range 10–1000 eV.

The experimental approach was based on a relatively simple method of generating
supersonic jets using a defocused laser (3ω = 0.438 µm with a pulse duration of 250 ps and
an energy of 100 J) on targets with a high atomic number [62]. The jets are produced by the
collision of an ablated plasma converging on one axis, which is due to a combination of
the annular laser intensity profile on the surface of the target and the radiative cooling [63].
X-ray diagnostics with spatial resolution made it possible to determine the parameters of
the plasma jet and shock wave and to study their structure and evolution in detail, starting
from the initial ionization of the background plasma and the formation of the jet to their
subsequent interaction over a period of approximately 15 ns. The result showed a strong
shock compression in the copper plasma with a ten-fold increase in density compared to the
argon background plasma. The characteristic velocities of the jet and the shock wave were
also measured. The X-ray pinhole camera showed that the structure and evolution of the
shock wave depend strongly on the density of the neutral gas, both through the properties
of the interaction during the formation of the shock wave and through its influence on the
initial formation of the jet and its structure. It was concluded that the copper flow was
re-oriented, resulting in a narrower and better collimated jet at low gas pressures.

In a similar experiment [64], using an X-ray pinhole camera, the interaction of such
collimated laser-induced plasma jets with He and Ar gas flows was studied in two irra-
diation geometries as follows: with a perpendicular laser incidence on the target surface
and with an inclination (30 ◦ relative to the normal of the target) to minimize the heating of
the surrounding gas by the laser beam. With the geometry of the inclined interaction, the
effect of double shock formation in the surrounding gas was demonstrated. Experiments
conducted to test the generation of a plasma jet in this new geometry have clearly shown
that even with an inclined case, well-formed plasma jets have parameters that are no
worse than those of a normal incidence. The generated plasma structure, registered by an
X-ray pinhole camera, is characterized by a sharp, elongated peak of luminosity along the
symmetry axis of the laser beam propagation.

In the following studies [65,66], strong stochastic magnetic fields generated in a turbu-
lent plasma during the collision of two inhomogeneous, asymmetric, weakly magnetized
plasma jets were studied at the Omega Laser Facility. The X-ray diagnostics of the experi-
ment visualized the bremsstrahlung in the soft X-ray region in a fully ionized CH plasma
using a fast frame X-ray pinhole camera (XRFC) configured with a two-band microchannel
plate (MCP) and a CCD camera. The 50-µm array of pinholes was located at 9.14 cm
from the center of the target and the main detector at a distance of 27.4 cm, resulting in
a 2×magnification of the image. A thin filter consisting of 0.5 µm polypropylene and a
150 nm thick aluminum coating was placed in front of the MCP and removed emission with
a photon energy of ≤100 eV. Two temporally integrated images were taken with an interval
of 1 ns. The image resolution and the choice of filtering were sufficient to observe the
finger-shaped fluctuations of the plasma jets. These fluctuations were explained by density
inhomogeneities in the plasma, whose origin can be explained by the effect of turbulent
motion. The X-ray images obtained in the work show that the external magnetic field has
only a limited influence on the dynamics of the plasma in the experiment, in the case of
two individual plasma jets located in an external magnetic field. It was found that for a
turbulent laser plasma with supercritical magnetic Reynolds numbers, the magnetic fields
enhanced by the dynamo effect are determined by the turbulent dynamics and not by the
initial fields or moderate changes in the initial dynamics of the plasma stream, which is con-
sistent with theoretical expectations and modelling. The results suggest the possibility that
plasma turbulence caused by strong displacement can generate fields more efficiently than
would be expected with the idealized modelling of the magnetohydrodynamics (MHD)
of a non-spiral dynamo. This discovery could help explain the large-scale fields obtained
from observations of astrophysical systems.
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It is worth mentioning that it is not always necessary to use pinhole cameras with
multiple channels. Moreover, it can be more interesting to look at the evolution of the
process from several lines of observation [67]. In the article [60], X-ray imaging was used
to confirm the effect of magnetic reconnection of lines of force. For this purpose, two
synchronized laser beams from the Shenguang (SG) II laser system were focused on one
side of the aluminum foil at a distance of 400–600 µm, while the other two laser beams
symmetrically irradiated the other side. The target was a loop of aluminum foil and a
copper target attached to it. Each beam was focused to a focal spot diameter of 50–100 µm
(FWHM), resulting in an incident laser intensity of 5 × 1015 W/cm2. In this experimental
approach, X-ray emission was measured from the front, back and side using three X-ray
pinhole cameras. The image was taken with a 10-µm pinhole and a 50-µm beryllium filter,
resulting in X-rays (Figure 2b) over ~1 keV being registered on the X-ray film with a higher
sensitivity in the range of 1–10 keV.

3.2. Application of Dispersive X-ray Optics in Alboratory Astrophysics Experiments
3.2.1. 2D X-ray Imagers Based on Spherically-Bent Crystals at Small Angles of Incidence

To obtain more detailed information about the laser-plasma interaction, methods with
a combination of different optics are used. In particular, 2D imagers based on spherically
curved crystals at near-normal X-ray incidence are worth mentioning. Image plates or
time-resolved X-ray streak cameras are most commonly used as detectors in this case. In
contrast to a pinhole camera, this approach allows us to obtain visual information about
the emission of ions or hot electrons in a rather narrow, one could say monochromatic,
spectral range.

In one study [59], for which images of a four-frame camera are shown in Figure 2a,
a quartz crystal (422) with a bending radius R = 380 mm was used to obtain 2D-resolved
images of Cu Kα emission (Figure 2c). The use of such a crystal with 2d = 1.5414 Å leads
to the registration of the image in the line Ka (λ = 1.54056 Å) at an almost normal angle
to the target and to minor distortions due to deviations from the sagittal and meridional
planes of the crystal. The disadvantage of this configuration is the small spectral range of
the emission, which can be shorter than the width of the Kα line due to the strong heating
of the target by the laser. In this case, the absolute measurements of the X-ray yield in Kα
line may be inaccurate, especially since the line profile may shift towards higher energies
when the temperature changes. However, the spatial and temporal parameters of such
a technique are very important for the interpretation of the obtained experimental data.
It is also worth noting that visualization in such a narrow range results in a lower signal
intensity on the detector than using a pinhole camera.

The image was registered on FUJI BAS MS image plates, which were then scanned
using a Fujifilm BAS-1800 scanner with a pixel size of 50× 50 microns. The system provided
a magnification of β = 1.73. The measured X-ray data were interpreted in terms of the
hot electron generation and the efficiency of conversion of laser energy into hot electrons.
This approach made it possible to show a map of the intensity of hot electron generation
for a snail target and to demonstrate the formation of a dense hot plasma, similar to a
theta-pinch, and the distribution of a large magnetic field penetrating the target.

3.2.2. 1D and 2D of Spectrometers Based on Spherical Crystals with Spectral Resolution

Optical schemes based on spherical crystals and detectors placed in the sagittal plane
of the image make it possible to visualize laser-plasma processes not only with spatial but
also with spectral resolution. This is particularly important when a plasma object has a
large aspect ratio. In this case, one of the tasks is the ability to investigate the parameters
over the entire length of the plasma. For example, in research [29,68,69] conducted at the
ELFIE facility (LULI, Polytechnique), a plasma jet with a high aspect ratio was studied
for laboratory modelling of Herbig–Haro type astrophysical ejections from young stellar
objects (YSOs). A large aspect ratio was achieved using an external magnetic field of 20 T,
in which a Teflon target (CF2) was irradiated with a laser pulse with an energy of about
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~40 J and a duration of about ~1 ns. An example of an image obtained by 2D spatially
resolved X-ray spectroscopy based on a spherical mica crystal (2d = 19.9376 Å) is shown
in Figure 3. The image was composed of three different frames with high repeatability of
results (due to the long focal length (approximately 2 m) of a nanosecond laser beam and a
homogeneous magnetic field) using the image plate detector. To investigate the full length
of the jet propagation, the target was placed at different positions along the laser axis inside
the magnetic coil. With each image, the parameters of the jet were measured in a range of
5–7 mm per shot.

Figure 3. An X-ray image of a plasma jet composed of three successive frames taken for different
shots of a heating laser at different target distances within the Helmholtz coil.

As a result of this approach, important spatial profiles of plasma parameters are
given in [68,69], which are the electronic density and the temperature, as they are of great
importance for modelling most physical quantities and for comparisons with astrophysical
models. Figure 4 shows an example of such profiles in the experiment mentioned above. It
is obvious that the high spatial resolution (approximately 100 µm of the source) allows the
measurement of plasma parameters with high accuracy using modern techniques over a
wide range of distances, including the laser-induced target surface itself.
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As mentioned earlier, this scheme is characterized by a stronger astigmatism and
a larger magnification along the jet axis than in the case of the radial direction (i.e., the
direction of spectral dispersion). In the sagittal plane, the spatial resolution is determined
by the aberrations of the spherical surface in the sagittal plane. In the meridional plane,
the spatial resolution is determined by aberrations as well as by the size of the source, the
width of the spectral line, and the width of the rocking curve of the crystal. Therefore, it is
necessary to correct for spatial distortions for extended sources, otherwise the estimates
for the plasma parameters can deviate significantly from the truth due to an incorrect
comparison of the relative intensities of the spectral lines.

To illustrate this, Figure 5a shows an X-ray image registered by us in a laboratory
experiment when the collision of two plasma flows was studied in the presence of an
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external magnetic field and a gas medium (Nitrogen) between two simultaneously laser-
irradiated solid CF2 targets. The irradiation parameters and the image registration scheme
were identical to those given for a single jet, as shown in Figure 3. A focusing spectrometer
with spatial resolution based on a spherically-bent mica crystal was used. It is obvious that
long wavelengths occupy a shorter spatial extent in the image than shorter wavelengths.
This was corrected in Figure 5b using the authors’ anti-distortion code written in Python,
which allows the user to graphically select the points of change in magnification while
preserving the initial emissivity integral. By correcting the distortions and considering the
scaling coefficients on both axes, it is possible to obtain both an X-ray image of a plasma
source and spatial profiles of the plasma.

Figure 5. The original (a) and the processed spectrometric image (b) in the experimental campaign.
In this case, there are two laser-irradiated targets in the field of view, between which plasma jets
interact in an external gas. From left to right, the wavelengths increase. The λc mark corresponds to
the position of the central wavelength (part of the spectrum is cut off on the right-hand side because
there is no useful information).

Figure 6a shows an example of a 2D X-ray image of a plasma jet for the Heγ fluorine
line with equal magnification coefficients in the radial and axial directions in an experi-
ment simulating the collimation of astrophysical flows [70]. For this purpose, the scaling
coefficients were used (the magnification according to Formulae (6) and (9) was βm = 0.048
in the meridional direction and βs = 0.26 mm in the sagittal direction) and the distortion
effect of the optical system was taken into account. Since the magnification factor on one
axis was much larger, the averaged values of the neighboring pixels were placed between
the stretched points. For the construction, only the (−3:+3) radial neighborhood of the
maximum value of the spectral line of each line was used, while the background was
completely cut off. In Figure 6a, only the line F He 4p-1s (Heγ) is shown, while the behavior
of the other lines is very similar. The resolution in sagittal and meridional directions was
approximately 100 and 500 µm, respectively. The images are composed of several frames
(represented by dotted rectangles), each taken for a separate shot with a target at different
distances from the diagnostic window of the Helmholtz coil.

In these images, the bending of the expanding plasma can be clearly seen, with
two phases being distinguished. First, near the target, both diagnostics show that the
propagation of the plasma jet does not depend on the variation of the angle of the magnetic
field near the laser-irradiated target surface. Moreover, this propagation is perpendicular
to the target surface and is identical to the case where there is no magnetic field. The
reason for this behavior is the kinetic gas pressure of the plasma Pdyn, which far exceeds
the pressure of the magnetic field Pm in this region, where the electron temperature and
density are expected to be above 100 eV and 1 × 1019 cm−3, respectively. The results of the
X-ray diagnostics thus helped to establish that the modulation of the jet can be interpreted
as a sign of a change in the flow angle or the surrounding field over time, and that a change
in the direction of the jet can be a sign of changes in the direction of the surrounding field.
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Figure 6. (a) X-ray image [70] of a plasma jet obtained by a FSSR spectrometer [33] along a spectral
line with minimal distortion Heγ (transition in fluorine atom F He 4p-1s, closest to the central
wavelength) at 20 T when the inclination of the target was 10 and 20 degrees to the normal. (b) X-ray
images of the self-emission of the fluorine Heβ spectral line obtained by diagnosis of the 3D plasma
from the side and from above at a transverse magnetic field of 20 T [34]. (c) The analytical approach
of the two-component plasma.

The simultaneous use of multiple spectrometers makes it possible to reconstruct
or prove the dynamics of plasma propagation on a 3-dimensional scale. For example,
in one study [34], two spectrometers were used with an observation line orthogonal to
each other and with spatial resolution along the axis of the plasma expansion. Since
the spectrometers were installed in a 2D scheme, the experiment (Figure 6b) was able to
compare two projections of an X-ray source with a magnetic field perpendicular to the
plasma expansion, as occurs in a variety of astrophysical environments, e.g., at the edge
of discs surrounding young stars or when coronal mass ejections (CME) [71] propagate
from the star [72]. Note, that images in Figure 6b are integrated over time and measured
simultaneously in one shot by two focusing spectrometers with spatial resolution (FSSR)
used in the experiment. The white arrows in the side view indicate an increase in the
emissivity in the spatial region of ≈ 4 mm.

As a result of this approach, the morphology of the plasma flow was confirmed, which
is characterized by expansion in one plane and compression in another. Furthermore, an
approach based on the comparison of spatial profiles of the emissivity and the measured
electron density and temperature was used to estimate the propagation velocity of the
plasma flows. In this way, it was possible to determine the separation of the plasma into
two components as follows: dense, slow plasma that is increasingly compressed towards
the target as the magnetic field increases, and fast, low-density plasma that is redirected by
the magnetic field along the axis. It is noteworthy that the ability of the plasma observed
here to propagate against a transverse magnetic field could be of interest for the physics of
the edges of the disc, namely to enable the ejections from the disc to cross the gap separating
the disc from the star and thus participate in the deceleration of the disc, as postulated in
Shakura and Sunyaev [73].

3.2.3. Investigations of Laboratory Astrophysical Plasma by X-ray Spectral Composition

The relative intensities of the spectral lines obtained or the spectral composition itself
cannot often be described by only one plasma component. It is concluded that there are
additional zones that are not resolved along a particular axis [2,74,75]. This is particularly
useful, for example, when the sensitivity of the detector is not sufficient to make reliable
measurements with time resolution. In the following studies [2,74], focusing spectrometers
based on spherically curved crystals were used to obtain fluorine ion emission spectra
when simulating CTTS accretion columns directed along the magnetic field lines connecting
the surrounding material to the star. To study the dynamics of accretion in the laboratory, a
collimated narrow (diameter ~1.5 mm) plasma flow was used by superimposing an external
(B = 6–30 T) and a homogeneous poloidal magnetic field on an expanding laser-induced
plasma (laser duration 0.6 ns, intensity ~1013 W/cm2). The plasma flow propagated with a
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velocity of vstream = 750 km/s parallel to the lines of a large-scale external magnetic field,
as in the present picture of mass accretion in CTTS encountering a solid obstacle simulating
a high-density region in the stellar chromosphere. In most of the shots, the obstacle was
located at 11.7 mm from the main target. The emission spectra were taken with spatial
resolution in the direction of laser propagation near the obstacle surface. Since the X-ray
images in the experiments were recorded integrally in time, the spectrometer recorded, at
each spatial point, the sum of the spectra emitted first by a laser plume expanded freely
from the target and then by the plasma generated by the collision of the initial plasma
flow and the plasma generated on a solid obstacle. Of course, the plasma parameters at
early and late times can be very different, and the resulting spectrograms only give some
average values of the plasma parameters. To solve this problem, targets and obstacles with
different chemical compositions were used, namely polyvinyl chloride, or PVC (C2H3Cl)n,
aluminum, and Teflon (CF2). These materials were used for both the main and obstacle
targets so that the plasma of incident and induced flows could be observed separately,
registering the spectral lines of fluorine, chlorine, and aluminum, respectively.

The spectra obtained near the obstacle surface have demonstrated that the data ob-
tained cannot be described by a single set of parameters. This is due to the presence of
dielectric satellites to the Lyα line (hot plasma with a temperature much higher than 100 eV,
exceeding the ionization potential for the L-shell) and to the recombinant nature of the
emission of the helium series, where high intensities for high transitions are observed
(Figure 6c). The conclusion on the possible presence of an additional plasma component
made it possible to use a two-plasma approach, where the parameters of a dense and cold
core and a hot and less dense shell were determined. The colder plasma was estimated
with a recombination model [76], while the parameters of the hot part were measured with
the PrismSPECT code [77] from the ratio of the intensities of the dielectric satellites to the
Lya resonance line. The results on the spatial distribution of the components were then
confirmed by optical methods and modelling. Despite the low sensitivity of the system to
conduct time-resolved measurements, such an approach was able to detect the formation of
a plasma shell, which in the astrophysical case of accretion columns can lead to significant
absorption of X-rays.

3.2.4. Diffraction Gratings

In experiments to study the propagation of plasma flows in a perpendicular magnetic
field [34], as well as to study the slanted accretion [30], a spectrometer based on a diffraction
grating with variable line spacing (VSG: variable spatial grating) was used. This VSG
spectrometer allows the investigation of a wider spectral range (400–2000 eV) than the
FSSR, but with a lower spectral resolution [45].

The spectrometer consists of a diffraction grating (average 1200 points per inch), a
spectrometer body, and a removable front cone that can accommodate slits for spatial
resolution measurements. The image was also captured using an image plate TR. In the
experiments, the front part of the spectrometer body was equipped with a vertical slit that
allowed spatial resolution of the X-ray emission of the plasma along the horizontal axis,
which was one of the expansion points of the plasma. In this case, the grating had its lines
in the horizontal direction, resulting in horizontal spatial and vertical spectral resolution
on the VSG detector.

Figure 7a shows the X-ray image where only a vertical slit was used instead of a
pinhole at the entrance of the VSG spectrometer. In this case, the spectrum on the vertical
axis is not purely spectral but mixed with space (different emitting points of the plasma
at different heights (along the r-axis) appear at different heights on the IP—see Figure 1c).
Another effect of using a vertical slit is that tilted targets also appear tilted on the IP detector
(as seen in Figure 7a). It is therefore necessary to consider the convolution of the spectrum
in relation to the size of the source. Setting an additional horizontal slit with a size of
500 µm [78] leads to a much better resolution (Figure 7b) with λ/dλ~20, which is sufficient
for visual observation of the Lyβ line of carbon. Due to the wide observation range and
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the high reflection efficiency, this diagnostic was useful for the qualitative observation of
plasma dynamics. In particular, thanks to this diagnostic, it was possible to show that the
confinement of the plasma along the axis of incidence strongly decreases as the incoming
flow becomes more and more slanted.

Figure 7. Energy spectra of the plasma self-emission in the soft X-ray region, measured with VSG.
(a) Use of a grating without a space-limiting slit in the direction of the dispersion axis. (b) A horizontal
slit with a size of 500 µm was used. Spectrum (b) shows the characteristic Lyβ carbon line detected in
the CF2 plasma. An increase in emissivity at a distance of 1–2 mm from the target corresponds to the
injection of a gas jet from a supersonic nozzle.

The use of transmission diffraction gratings is also worth mentioning. In papers [79,80]
dealing with the laboratory investigation of photoionized plasma generated in a high-power
laser facility GEKKO-XII, a spectrometer with a transmission grating was used to measure
the absolute intensities of the plasma emission in the range of 1–6 keV. This diagnostic
helped to control and measure the Planck spectrum of the central plasma. An example of a
photoionized plasma can be the stellar wind around compact objects.

4. Discussion and Perspectives

As discussed in Sections 3 and 4, not all existing imaging methods are currently pro-
vided in the study of astrophysical-relevant laser-induced plasmas. In particular, systems
based on multilayer mirrors, flat and cylindrical curved crystals, and Fresnel lenses are
not used conventionally. The reason for this is perhaps the high demands for self-emission
imaging systems. They must be easily adjustable, quickly tunable, and reliable in construc-
tion; have high luminosity; and allow easy variation of the spectral range and magnification.
Unfortunately, these properties are not characteristic of systems using multilayer mirrors
or Fresnel lenses.

The Kirkpatrick-Baez multichannel microscope, for example, has a small spatial range
of ~0.5 mm [81] and requires a long time to adjust. Therefore, it has been used mainly
in unique experiments on inertial thermonuclear fusion [49]. In laboratory astrophysics
experiments, one might expect such devices to be used at a rather small (less than 0.5 mm)
spatial scale of the plasma under investigation, as is the case, for example, in magnetic
reconnection studies [60,82]; however, so far, to our knowledge, they have not served
these purposes.

X-ray imaging diagnostics based on Fresnel lenses are very promising as the field of
view is of the order of 1 mm and even higher, and the spatial resolution can reach hundreds
of nm [83]. The obvious disadvantage of such diagnostics is the presence of the chromatic
effect, which reduces the contrast of the image and leads to the need to use a rather narrow
spectral range. The spectrographs with flat or curved crystals used so far have a satisfactory
spectral resolution but cannot always provide sufficient luminosity and spatial resolution
when it comes to obtaining images of plasma sources. Spectrometers with toroidal schemes
do not have these disadvantages, but their surface is much more difficult to fabricate and
the resulting schemes are difficult to set up because of the limitation in all six degrees of
freedom [39].
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In contrast, simple multiframe pinhole cameras as well as spectrometers based on
diffraction gratings and spherically curved crystals are quite easy to handle and allow
spectroscopic studies of an X-ray source with high luminosity and high resolution. Thanks
to recent technological advances, it is possible to use such multichannel systems in con-
junction with X-ray streak or gated cameras with high temporal resolution instead of the
traditionally used image plates or photographic films [84,85]. Furthermore, such systems
can easily be used simultaneously with multiple dispersive elements projecting an im-
age onto a detector, as in the case of toroidal crystals [40], allowing an extension of the
spectral range.

The availability and wide choice of X-ray optics and methods for acquiring X-ray
images of plasmas have led to significant advances in astrophysical laboratory investiga-
tions. In particular, emission visualization methods have helped to reveal many details
of various astrophysical phenomena, such as the evolution of young stars [4,29,61,86],
the evolution and luminosity of accretion columns [2,30], the collimation of astrophysical
flows in Herbig–Haro objects [64,70], coronal mass ejections [34], and the generation and
reconnection of magnetic field lines [59,60]. It should not go unmentioned that further
increases in the sensitivity and temporal resolution of elemental detection will undoubtedly
enable significant advances not only in laboratory astrophysics but also in many other
fields, including thermonuclear inertial fusion.
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