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1. Introduction

As known, the development of X-ray sources for diag-
nostics of dense media started with the discovery of X-
ray radiation, however, study of fast enough processes with
this method has only become possible fairly recently, in
particular with the Advance Radiographic Capability (ARC)
at the NIF (National Ignition Facility) — compression of the
main target in laser thermonuclear synthesis (LTS) by its
backlight imaging using X-ray pulses obtained by irradiation
of the secondary target by laser pulses [1,2]. As known,
there are two main methods of X-ray radiography: a point-
source radiography where the X-ray source is much smaller
than the target being radiographed, and an extended-source
radiography where size of the source is comparable with
that of the target. When a point source is used, the
target image on the detector is less distorted than in the
case of spatial source, albeit less quanta are arrived to the
detector.

State of the target can be diagnosed using characteristic
X-ray lines. In recent decades theoretic and experimental
studies of the laser plasma characteristic radiation (in par-
ticular, Ka) at the interaction of short (~ 10 ps) laser pulses
with different targets were conducted. By using different
materials of the target, it is possible to obtain Ka-radiation
with photon energies in a range of 1—100 KeV. Numerous
publications are devoted to optimization of the coefficient
of laser radiation conversion to Kea-line radiation [3,4].
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The maximum coefficient of conversion to Ka-radiation
achieved experimentally at a length of laser pulse of ~ 1ps
is ~107* [4]. An example of Ke-radiation source for
plasma diagnostics is a 200 x 200 x 20um copper plate
irradiated by subpicosecond pulse with an intensity of
10" W/ecm?, with a conversion coefficient of 4 - 10~ [5].

In addition to Ka-radiation, hot laser plasma recom-
bination lines (Ly-a and He-a) are possible sources of
monochromatic X-rays as well. The practicability to use
Ly-a- and He-a-radiation is connected with non-optimum
parameters of the Ka-line excitation pulse for some laser
systems. For example, in [6] an experimentally obtained
coefficient of laser radiation conversion to He-a-line is
reported to be ~ 1073 at a laser intensity of 10'7 W/cm?,
which is higher than the coefficient of conversion to Ka-
line at the same conditions. Another example of spatial
source with high intensity of He-a-line [7] is a target in the
form of 15um thick germanium plate irradiated by several
beams of the NIF laser facility with each beam intensity
of ~ 10'> W/cm? and a duration of 1 ns. An electron-optical
camera with a time resolution of ~ 30ps and a spatial
resolution of ~ 10um made it possible, with the use of
such source, to obtain a time sequence of X-ray patterns for
the compressed thermonuclear target, while the coefficient
of conversion to He-a-line was ~ 5-1073.

Previously, in [8,9] a two-dimensional model of homoge-
neous laser LTS target backlight imaging by an extended
X-ray source in He-a-line was developed. However, it was



Characteristic X-ray radiography of inhomogeneous compression LTS target laser plasma 777

Figure 1. Scheme of X-ray diagnostics of a compressed state of
a thermonuclear target. The figure shows the coordinate system
used in this work. / — working laser beams, 2 — detector,
3 — diagnostic laser beams, 4 — parabolic mirror, 5 — vacuum
chamber, 6 — secondary target, 7 — initial state of the primary
target, 8§ — compressed state of the primary target, 9 — radiation
of the secondary target. The zoomed area illustrates the process of
diagnostics of a compressed target.

found in a number of experiments that consideration of a
two-dimensional case is not enough for correct description
of the process [10]. This is connected, above all, with the
fact that spatial orientation of the target in the process
of compression can vary in different planes, because an
asymmetry of the target irradiation by various laser beams
is possible. Also, the above-cited works did not take
into account the effect of spacial dimensions of the He-a-
radiation source on the image, so in this work a diagnostic
scheme has been developed and calculations have been
made to determine optimum parameters of the X-ray
He-a-source for three-dimensional backlight imaging of a
compressed state of a laser thermonuclear target with a
picosecond time resolution.

2. The scheme of diagnostics

In this work, a modified scheme of X-ray diagnostics of a
LTS target [2] is considered, where the role of X-ray source
is played by a secondary target irradiated by several laser
beams.

General scheme of the diagnostics under consideration is
shown in Fig. 1. Here the laser radiation of diagnostic beams
is focused by a parabolic mirror onto a secondary target, as
shown with lilac lines in Fig. 1. Each diagnostic beam is
focused (at an angle of y) onto its area of the secondary
target creating an X-ray pulse with a certain time delay. The
assumption is that, as a result of interaction, the secondary
target emits X-rays isotropically in every point.

In this work we consider the ,direct compression“variant
of LTS, when the primary target surface is irradiated by
powerful laser beams (some of them are shown in red
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in Fig. 1) causing compression of the primary target.
With evenly emitted laser energy on the surface of an
ideal shell target, spherical compression of the target takes
place, however, usually in the process of compression the
spherical geometry is distorted and becomes, in particular,
an ellipsoid [11,12].

Parameters of the secondary target are selected at a
lower level, including, among other things, the maximum
efficiency of laser radiation conversion to the characteristic
He-a-radiation, which radiographs the primary target and
is recorded by the detector. The thermal radiation of
continuous spectrum is not taken into consideration because
cut-off filters are used [13].

3. Secondary target

3.1. Characteristic radiation of the secondary
target

In this work, in accordance with Fig. 1,5, the following
model is considered: diagnostic laser beams (3) (with
super-Gaussian spatial distribution and Gaussian waveform
of pulse) generally fall onto the target at a certain angle
of y (for simplicity in the following it is assumed that
y = 0). The secondary target is a metal foil with a thickness
of dyp, an area of S; shown with black rectangular (6)
in the scheme of Fig. 1. At a certain point in time of
the diagnostics a laser pulse is considered, which gives
information on the state of the primary target. Its duration
Atj, quantum energy ¢, maximum intensity max(l;) are
achieved at a moment of t. The area of laser spot
on the secondary target is S; = r?, where r¢ — focus
spot radius. The secondary target region that emits
characteristic radiation quanta has an area of S, =ar3,
where ro ~ rm+rs, and ry — scale of the target surface
heated by the laser. The plasma resulted from the interaction
between the laser radiation and the secondary target is
characterized by the following parameters: Ty — electron
temperature and ng — electron concentration. The speed
of heat propagation is proportional to the thermal velocity

of electrons, therefore rpy = Vg At = ,/% At;, where mg,
Ve — mass and thermal velocity of electron.  The
distribution of Tg over the area of S, is assumed to be
super-Gaussian.

Let us consider the X-ray emission from the secondary
target. This radiation is characterized by the following
parameters: Jy — intensity of emission per energy unit and
& — quantum energy. The characteristic radiation pulse is
described by the following parameters: At, — halfwidth,
lo — intensity, t, — time to achieve maximum intensity
max(l,), as well as energy of the radiation quantum — &,.

It should be noted that in the process of primary target
backlight imaging the diagnostic laser can be turned on
at any stage of the target compression, and the usage
of its intensity considerably higher than 107 W/cm? is
unreasonable [14,15]. When selecting length of the laser
pulse, it is necessary to take into account that, on the one
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hand, the pulse should be short enough to achieve high
time resolution of the compressing target and, on the other
hand, it should be long enough to obtain required density of
quanta on the detector [2], which is related to characteristics
of the detector. The main criterion for selection of the
secondary target material is the energy of emitted charac-
teristic quantum, because to achieve the biggest contrast
of the image the primary target should absorb not more
than 20% of the radiation passing through it at the moment
of collapse [2]. The analysis of required quantum work and
characteristic radiation intensity performed in [2,14,15] for
targets made of different materials has shown that at an
intensity of ~ 107 W/cm? iron has the highest coefficient
of laser radiation conversion to He-a-line, therefore we use
these parameters in the following study.

3.2. Results of spectral emission calculation

Let us consider the results of calculation of the secondary
target spectral emission performed with the use of HELIOS
1-D radiation-hydrodynamics code [16]. Calculations were
performed with the following laser parameters: Atj = 15 ps,
A = lum, max(l;) =2- 107 W/cm?, the laser pulse had
Gaussian waveform. The secondary target was implemented
as an iron plate with a thickness of dy =20um. The
problem was solved in a planar geometry with the laser
pulse normally falling onto the secondary target.

Figure 2,a shows the parameters of laser pulse, such as
halfwidth Atj, maximum intensity max(l;) at the moment
of time t;, while Fig. 2, b shows: At, — halfwidth, 1, —
intensity, and t, — time of maximum intensity max(l,)
achievement for the He-a-radiation. It should be noted that
the calculated peak of He-a-radiation is shifted in relation
to the laser radiation by tp, —tj = Ay = 2ps, and ~ 1.5
times broadened as well. The shift of the intensity peak
is related to the fact that target plasma temperature and
density increase with a certain delay when the target is
irradiated by laser pulse [17]. The broadening of He-a-
pulse in relation to the laser pulse is related to the fact that
the plasma resulted from the heating keeps for a certain
time the electron temperature and concentration required
for X-ray emission. Figure 3 shows calculated graphs that
characterize the radiation spectrum of the secondary target.

As known [18], the He-a-line of iron should lie in
an energy range of 6667—6700eV, however, since the
formed plasma has high calculated temperature and con-
centration (Tg. &~ 6500—12500¢V, and ng ~ 1022—10%%),
then the He-a-line becomes broader due to Stark and
Doppler effects [19] achieving the energy range of
&q = 6818—7079 eV, that can be seen in Fig. 3,b. These
results are used to calibrate the simplified analytical
model [15]. Note, that maximum emission according
to the model was 12 = 11.22PW/cm? at the moment of
time t* ~0.101ns, while according to HELIOS it was
¥ =15.01 PW/cm? at tH =~ 0.102ns; also, the energy of
He-a-radiation pulse from an area of S, was EIf =3.6J
in HELIOS and E2 = 3.46J according to the model. The

coefficient of laser radiation conversion to Ele—a—radiation
for iron according to HELIOS is &l = E—‘I‘ =0.02 and

according to the model it is &fy = E?‘? =0.019, which

indicates a good accuracy (for the model of this type).
However, these coefficients are calculated for the angle
of 271, and if the conversion coefficient is recalculated for
the spatial angle of detector (which description is provided
below) 6y ~ 0.01st, we get ep ~ 2.4 - 1074,

The number of He-a-quanta emitted by the secondary
target is defined by the following relationship:

SJo [ Ixdexdt

€1

Ne (1)

Ea

Figure 4 shows results of calculations performed by the
HELIOS code for different lengths of laser pulse, all other
parameters of the laser and target are given above, and
&q = 6900¢eV. Let us define the density of X-ray quanta
with an average energy of ¢, = 6900eV on the detector
as p = % y’, where Sy — area of the detector, and
y’ — its geometry factor (a spatial angle subtended at the
secondary target center by the detector, divided by 4s). We
assume that the detector of radiation is a CCD-matrix (with
dimensions of 20 x 20mm), and to perform the diagnostics,
the density of quanta on the detector should be greater than
the threshold level of pin = 107 cm™2 (see details in [13]),
then, according to Fig. 4,5, p > pmin at a length of laser
pulse equal to 15 ps.

4. Primary target

4.1. Characteristics of the primary target

To describe the process of primary target compression,
we select the laser and target parameters used in the
experiment of [20]. In this case the target is com-
posed of a polystyrene shell (CgHs), with a thickness of
Adp = 22.6 um and a diameter of dy = 939.2 um, which is
filled with deuterium under a pressure of Pp = 10atm and
Ar under a pressure of Pa, = 0.059 atm, weight of the D-
Ar-mixture is m= 3 ug. It is irradiated by super-Gaussian
laser pulse with an intensity of | , = 20 TW/cm? and a length
of Aty = 1ps, the energy of radiation quantum is equal to
ep = 3.54eV. The pulse is turned on at the moment of
time t,, = 0.15ns and turned off at the moment of time
toff = 1.15ns.

4.2. Results of calculations of primary target
dynamics

To determine parameters of the primary target, we have
calculated its spherical compression using the HELIOS
code, because to calculate the X-ray quantum absorption
by the target, a simulation is needed that makes it possible
to determine parameters of the target dense part at every
moment of time, such as T — electron temperature,
Ne, Nj — concentrations of electrons and ions, respectively,

Optics and Spectroscopy, 2022, Vol. 130, No. 6
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Figure 2. Pulse waveforms: a — laser radiation, b — X-ray He-a-radiation.
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Figure 3. (@) Diagram of the emission intensity per unit energy as a function of time t,. (b) Spectrum of the secondary target radiation
Jx(&x) at the moment of time of He-a-line maximum emission, red lines show the spectral interval (e1, £2) where the line lies.

as well as radius of the target dense part at every moment
of time, rg. Values of the main interest in this case are the
concentrations of electrons and ions, because free length of
the He-a-quantum ~ nen; T, !/2, temperature has less effect
on the absorption than concentrations.

Note that in the process of compression until a certain
moment of time it may be said that the target is approxi-
mately composed of three parts: (1) — zone of scattering
shell; (2) — zone of dense compressing shell; (3) — zone
of inner part of the target. Hereinafter the combination of
zones (2) and (3) is referred to as the dense part of the
primary target, while zone (1) is referred to as the rarefied
part of the primary target. The target is compressing until
the moment of time ty = 1.84ns — the time of collapse
(green line on the axis in Fig. 5,a), when the target has a
minimal radius, then the target starts to disintegrate. It is
seen from these graphs that electron and ion concentrations
before the moment of time t = 1.7ns in the dense part
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of the target are distributed in a nonuniform manner, ie.
they differ more than an order of magnitude (Fig. 5,5).
In zones (2) and (3), changes in ne and n; are little,
which makes it possible to consider them homogeneous
when solving the problems of target backlight imaging. As
for the scattering shell, it is worth noting that during the
compression its temperature is an order of magnitude higher
than that in the dense part of the target, while the electron
and ion concentrations are two orders of magnitude lower
than those in the dense part of the target. On the basis of the
absorption law, these facts allow us to ignore zone (1) in the
backlight imaging of the primary target. Also, a conclusion
can be made that at moments of time before t = 1.7ns
the target can be considered anisotropic, being composed
of zones (2) and (3). At moments of time after t = 1.7ns
and until ty = 1.84 ns the target can be considered isotropic,
because it is homogenous in terms of electron and ion
densities. The dynamics of zone (2) compression can be
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Figure 5. (a) Concentration of electrons ne in the primary target as a function of time and target radius. In the top right corner a zoomed
part of the graph is shown. (b) Graph of ni(r) at the moment of time t = 1.5ns. Red lines show maximum and minimum concentration

of ions in the dense part of the target.

approximated by a polynomial of degree four:

ra(t) = 206.1t* — 472.3t> + 189.1t> — 197.1t + 432.5.
(2)

4.3. The case of elliptical compression of the
primary target

As known, in the process of compression of the primary
target large-scale distortions are possible due to heterogene-
ity of the irradiation by laser beams or heterogeneity of
the shell manufacturing, which results in deformation of
the target in the process of compression, ie, in deviation
from the spherical shape. The experimental data and
numerical models show [13,21] that the asymmetry of target

compression results in a decrease in plasma density and, as
a consequence, decrease in the neutron outcome. To take
into account this effect, we assume that at the initial moment
of time the target has a shape of sphere, but in the process
of compression one of its axes starts compressing slower
than another, which causes the target to take an elliptical
shape. Describing this ellipsoid, we assume that at every
moment of time its volume is equal to the volume of the
compressing sphere from the HELIOS-calculation. Then, an
equation can be written for the change in semi-axes of the
ellipsoid: a(t), b(t), c(t) (where a(t) =rq(t)):

3

ar r2 =ch.

= (3)

4 4
g g JTaCb,
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Then, we assume that b = ¢ + Ac, where Ac — a param-
eter that characterizes the deviation of target shape from
sphere, then

(Ac? +4r2)1/2 Ac
2 2’

(Ac? +4r3)1/2 Ac

2 + 2°
where the dependence of rq = rq(t) is known from numer-
ical calculations (see, for example, (2)), and Ac < C.

In [22] the direct compression of an LTS target with
parameters similar to those of para. 4.1 was considered. In
the course of experiment [22] it was found that the target
compresses elliptically. The dependence of ellipse parame-
ters on time was determined; based on this dependence a
value of the Ac was selected to ensure maximum accuracy
of the approximation of ellipse parameters dependence on
time.

r2=c?>+cAc, c=

b:

5. Modelling the primary target backlight
imaging

The sequence of diagnostics processes takes place in the
following order: at the initial moment of time t,, the primary
target is irradiated by the main laser beams. After that the
target starts to compress until ty — the time of collapse. In
the time interval between t,, and tx the diagnostic laser is
turned on. This laser irradiates the secondary target causing
it to emit He-a-quanta at a moment of time tf, which
is considered as the moment of diagnostics beginning, and
after the diagnostics ends up at the moment of time tT,
tof — ¢ = At,. To build up a mathematical model of the
compressed target backlight imaging, we introduce in Fig. 6
(the zoomed fragment of Fig. 1) a central optical coordinate
system where the secondary target is positioned normal
to OX.

The scheme in Fig. 6 shows an example of beam outgoing
from the target point T and directed to the point T’. Here
&1 — the secondary target, KK’PP’ — its boundary points,
point O — the center of the secondary target and origin
of the Cartesian coordinate system, T — an example of
radiating point on the surface of the secondary target,
(m, n) — coordinates of the radiating point on the surface
of the secondary target in the coordinate system of the
secondary target; £, — the primary target represented by
an ellipsoid with its center at the point O’, CC’ =a,
PP’ = b, DD’ = ¢ — lengths of ellipsoid axes, 1, B2, 83 —
tilt angles of ellipsoid axes in relation to OX, QY, OZ
axes, respectively, R, R’ — points of crossing between
the beam, outgoing from the point T of the secondary
target, and the primary target; {3 — plane of the detector,
O” — its center, A’'B’ — boundary points of the image on
the detector, T'(M, N) — point of arrival of the partially
absorbed radiation from the point T(y, z) — coordinates of
the detector point passed by the partially absorbed radiation
in the coordinate system of the detector plane, where

Optics and Spectroscopy, 2022, Vol. 130, No. 6

1 G3

Figure 6. Optical scheme of diagnostics. Explanations in the text.

(M, N) — the rectangular coordinate system related to the
center of detector, N||KK’, M||KP, KK’ = KP = 200 um.

To evaluate the radiation absorption by the primary target,
we introduce | — the length of the beams section passed
through the target. In the case of isotropic parameters over
the entire volume of the target:

| = |RR| = [RR + TR, (4)

At initial stages of the primary target compression, the
density and temperature of its shell are much higher than
the density and temperature in its center; in this case the
target can not be considered as isotropic. Therefore we
assume that the target is composed of two layers. R; and
R, are points of crossing between the beam outgoing from
the secondary target and the inner part of the primary target.
In this approximation the length of beam section has the
following form:

lc = |RR;| + |RiR:| + |[R:R/|,

where |RR;| and |R;R/| — section lengths of the beam
passed through the dense shell, |RjRy| — section length of
the beam passed through the rarefied part of the target.

In the considered approximation the target absorbs the
X-ray radiation according to the law of [8], and the passed-
through radiation is defined by the following expression:

—1(t,n,mM,N,B1,B,.B3)
lg =lq(t)e e ® . (5)
Here 14 — intensity arrived to the unit segment of detector
from the unit area of the secondary target, Ipn(t) —
free length of the He-a-quantum in the target, and
[(t,n,m M, N, B1, B2, B3) is determined by formula (4).
Averaged free length is defined by the following expression:

o (1) = 1o (8) + 10 (0
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Y1 zZy
4( 21 \'*eSZ%nen;

-1_ 7 el = Alg(y, z,1)

phy 3 (3kae) Ocmy3 y:ZyOZ:ZZO ‘
— the absorption coefficient related to free-to-free transi- X exp [D — I{t.n.m M. N, 51, fa. Bs) ,
tions, while Irjhl = Ne6.65 - 1072 — the absorption coeffi- lpn(t)

cient related tozthe Thomson scattering, where Te — elec-
tron temperature and ne, Nj — concentration of electrons
and ions, respectively, ¢, — energy of radiation quantum,
Z — atomic number of the element. Then

nel

6.65-10"%ne 6
\/T_3+ (6)

| =1.94.107%

Using the Matlab software package a numerical model
was created associating each point of the screen with the
intensity arrived to this point over the time interval from t,
to te, where ty — start time of the observation, te — end
time of the observation.

Based on the study of quantum absorption by the primary
target the 'd (ex) dependence at the moment of collapse was

determlned where |d is the ratio between intensities of the
He-a-radiation passed through the primary target and the
intensity of unabsorbed He-a-radiation. According to (5),
when ¢, = 6900 eV, the absorption by the primary target is
low (~ 12.5%), therefore iron can be used as a material of
the secondary target.

In the process of work the program created in the Matlab
software splits to radiating plane KPK’P’ into Ns point
sources of X-ray radiation, each having an energy at a
certain moment of time equal to Al, ﬁl—m Then for
each source at every moment of time a distribution of
intensity |1 (M, N) is determined, where (M, N) is coordinate
of the detector point 3, each point is associated with a
radiation intensity, arrived to this point from each point
source,ie. formula (5) is integrated numerically (summed)
for (y,z) — coordinate of the source in the range of its

where Pg4(M, N) — the radiation power arrived to the point
of detector with a coordinate of (M, N), (Yo, Zo), (Y1,21) —
coordinates of points bounding the radiating area. Then
the above expression is integrated for time and the energy
arrived to the detector is yielded:

off
H
S Y12 —I(l,n,mM,N,/ﬁl‘ﬁz,[g)

S e

ton Y=Yo Z=2Zo
He

Ea(M, N) dt. (7)

Here Eg(M,N) is the energy of partially absorbed
radiation arrived to the detector point with a coordinate
of (M,N). It should be noted that to calculate values
of Ipn(t), the dependencies of averaged values of electron
and ion concentrations and temperature were approximated
(on the basis of HELIOS calculation, using spline function)
for each of target layers. This code was implemented in
the Matlab software package. To accelerate calculations,
the code to calculate expression (7) was optimized. The
technologies of parallel programming and calculation of
matrix products with GPU (Graphics Processing Unit) used
in the code allowed shortening the time of its execution
by 6 times.

5.1. Results of the primary target backlight
imaging

The modelling of the primary target backlight imaging
yields the spatial distribution of the partially absorbed
energy of the laser radiation achieved the detector plane,
which hereinafter is referred to as the image. Let us
consider the model images obtained on the detector screen

Optics and Spectroscopy, 2022, Vol. 130, No. 6
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in the case of density-inhomogeneous primary target at the
moments of time marked with red lines in Fig. 5,a. The
detector of radiation is the plane of 3 (Fig. 6), a coordinate
system is introduced on the detector with axes (M, N),
which is described in the previous section as well.

Figure 7,a shows the ring-shaped image for a single-
layer primary target for an early moment of time. This
shape is caused by the fact that the dense part of the target
absorbs several times more He-a-radiation than its inner
part. Next (Fig. 7,b,¢) quasi-ring images are modelled that
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are obtained on the detector screen (in the case of the same
target) at the moments of time marked with the first blue
line in Fig. 5,a, as well as at the moment of collapse (green
line). The last figure shows heavy distortions of the image
shape (ring) caused by the effect of geometrical dimensions
of the secondary target. Since the radiating spot has an area
of S, = 10* um?, the primary target is small in comparison
with the radiating spot until the area of its section by the
plane normal to OX axis and passing through its geometrical
center is much greater (ie. S, < Ss) than S =abc —
the cross-section area of the primary target. This condition
is met until the moment of time t = 1.5ns, and after this
moment the secondary target is no longer a point-source as
compared with the primary target.

5.2. Image of the primary target in case of

elliptical compression

Figure 8 below shows as an example the model images of
the target with an axes ratio of a:b:c=1:4:8, rotated
by different angles S, 2, Bs3.

5.3. Features of the image obtained through
backlight imaging of a target having a
geometry of inclined ellipse

In the process of analysis of the obtained model images,
it was found that minimum of the passed-through intensity
is shifted in relation to the center of detector (the point
of N=0, M =0, 81, B2, B3 # @n/2, where n is a natural
number). To study the shift of minimum of the passed-
through intensity, let us consider a section of the diagnostic
scheme shown in Fig. 6 by a plane. This scheme illustrates
the shift of absorption minimum. Let as consider the image
of intensity distribution over the detector (plane ¢3) in case
of 2D scheme of diagnostics, when the intensity distribution
is a section of Fig. 8,a along the N axis (black line). To
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Figure 10. (@) Approximation of the minimum intensity shift dependence on the target tilt, where AN — shift of the minimum of passed
through intensity along the N axis, (b) — dependence of the intensity minimum on the rotation angle of the primary target.

illustrate the shift under consideration, we represented the
yielded section of image in Fig. 9. Then we fixed the ratio
of a/b and started vary the tilt angle of the ellipse 3; from 0
to sr. Figure 10 shows the change in coordinate AN and the
value of | i, under this variation.

Thus, based on the data of the images on the detector
at a certain moment of time (from the dependencies in
Fig. 10,a, b) the following system of equations can be

written:

AN = AN(By, ¢),

Imin = |min(ﬂ1’ §)
Here | i, = min(:—:}), AN — the data obtained from the
images, { = 2. By solving this system, for example, in the

rotation angle of target, the angle of §; can be determined
at known values of min(l'—[‘)) and AN(By, ). It is seen from
the performed modelling that

ax 2

AN ~ C(£)sin(2B + ), min ~ A(§)exp< - (ﬂ = > ),
D()

and this approximation is applicable for

a, b € (50, 1000) um, and coefficients of the approximation

can be yielded by the Taylor?s expansion of a function of

two variables. For a quadratic approximation we get:

C(¢) = —16.6£2? — 62¢ + 152.6,

A(E) =0.78% + 1.287 + 4.6,
D(£) =0.01£% — 0.7¢ +0.9

at a = 1000um, b € (300, 900) um. Hence, with known
values of |nin and AN, by solving system (8) parameters
of the ellipsoid can be determined, and then the large-
scale inhomogeneity of the target irradiation by laser beams
can be found. Note that even a large-scale asymmetric

compression of a target can reduce considerably the neutron
output at the LTS. For example, according to [23], the
dependence of neutron output on the degree of compression
inhomogeneity £ can be written as follows:

YA Yo{l = [(1-&)/(1+ )P},

then with the asymmetry considered in this work, the
neutron output is reduced by ~ 2times. However, it is
known that in some experiments [22] £ can be ~ 0.1, and
in this case the neutron output decreases by 102, which
effects significantly on the LTS behavior.

If a large-scale target compression inhomogeneity (ellip-
soid instead of sphere) is detected by the diagnostics under
consideration, it is useful to determine possible averaged
directions (zones) of inhomogeneous irradiation by multiple
laser beams in order to further check their parameters. In
this case, by solving system (8), it is possible to determine
the angles of arrival of the radiation with the highest and the
lowest intensity to the primary target: ¢; = 81 — angle of
arrival of the lowest intensity radiation, and @ = 81 + 7 —
angle of arrival of the highest intensity radiation. Using
section of Fig. 7,b by a straight line passing through the
point (0,0) and parallel to the coordinate axis N, AN!
and 1. can be obtained, and by solving system (8),
we get solutions: S =01 =0 and { =5 =0.46. As
known [21], the evaluation of large-scale inhomogeneity of
the laser beams energy emission @ = (|;/0, depending on
the rates of ellipsoid semi-axes compression can be written
as follows: @ = (u;/u)3, where ¢; , — the energy absorbed
by fast and slow moving parts of the target, respectively,
while u; = %—? > U = % — rates of ellipsoid semi-axes
compression obtained by time differentiation of (2) and (3).
It should be noted that in our conditions (Fig. 7) a ~ 0.1,
and this allows us to use the above-mentioned averaging.

Let us estimate the measurement of target parameters
over the time of laser pulse passage through it. The
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calculations of the average rate of target compression
at a moment of time close to the collapse yielded
V ~ 107 cm/s, while radius of the primary target was
law ~ 1072 cm, then, assuming that He-a-quanta propagate
with the speed of light, we estimate the change in target
radius over the time of quantum passage through it as
Ary = (ray/c)V =15,V ~ 10nm, where tg, =~ 3.33ps —
time of radiation quantum passage through the primary
target. Taking into account length of the laser pulse irradiat-
ing the secondary target, time resolution of the diagnostics
is ~20ps. Using the formula to calculate resolution of
detector [8], we get that in the center of detector the
resolution is minimal and equal to Ar;p, =~ 15um, and
at the edges of the primary target image the resolution is
maximal and equal to Ar ;. ~ 0.1 um.

6. Conclusion

In this work a scheme is considered and parameters are
determined for a multipulse X-ray source to obtain images
of the compressed state of a laser thermonuclear target, and
a mathematical model of source functioning is created. An
example of such source can be He-a-radiation of an iron
limited secondary target with several laser pulses focused
on it with an intensity of 2- 107 W/cm? and a length of
15 ps. Spatial resolution of such source is ~ 15um, and its
time resolution is ~ 20 ps.

With the X-ray diagnostics of a primary compressed target
it is found that if the target turns to the geometry of
an ellipsoid rotated by a certain angle in relation to the
main optical axis, the minimum of passed through intensity
on the detector is shifted in relation to the place where
it is located in case of spherical target. The procedure
constructed in this work makes it possible to use the shift of
the minimum to determine parameters of the primary target
such as the ratio of its semi-axes lengths (,,nonsphericity “
of the compression), as well as the tilt angle of the ellipsoid
in relation to the main optical axes. Also, in this work
distortions of the primary target images are investigated
when the target obtains a small radius (as compared with
size of the secondary target) as a result of compression.

Thus, the suggested procedure makes it possible to
determine the relative inhomogeneity of energy emission
from the laser beams irradiated the primary target on the
basis of results of X-ray radiography of the compressed ther-
monuclear target, and to estimate the decrease in neutron
output caused by the asymmetry of the compressed target,
which allows correction of parameters of the experimental
setup to obtain spherically symmetric compressed states,
as well as the highest compression coefficient and neutron
output, respectively.
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