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Abstract—Backlighting diagnostics for studying the peripheral region of an imploding liner in the Angara-5-
1 facility by using X-ray emission from an X-pinch is described. The spatial resolution of the diagnostics was
no worse than 4 µm. The X-pinch emission passed through the plasma was recorded with a photofilm. The
plasma density was reconstructed from the photofilm blackening density with the help of a step attenuator made
of the same material as the liner. Results are presented from experiments on X-ray backlighting of the peripheral
region of a multiwire liner at the 70th ns after the beginning of the discharge. It was found that, by this time,
the wire cores were depleted to different extent, their masses totalled 70% of the original wire mass, and their
diameters had increased approximately threefold. The plasma ejected from the wire cores was found to be axi-
ally stratified with a spatial period of 200 µm. Sometimes the axial nonuniformity of the core material with a
characteristic scale length of 20 µm was observed. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

The current-induced implosion of cylindrical tung-
sten-wire arrays (liners) has been studied since the late
1980s [1–6]. The high-power soft X-ray pulse gener-
ated in the phase of maximum compression and the
stagnation of the plasma in the final stage of the liner
implosion is used in inertial confinement fusion
research and in studying the equations of state of vari-
ous substances at ultrahigh energy densities.

Knowledge of the time evolution of the mass density
distribution inside imploding liners is of great impor-
tance for understanding the physics of implosion. One
of the methods for determining the absolute value of the
mass density in such objects is through plasma back-
lighting with emission from a point X-ray source. The
duration of the X-ray burst from such a source should
be much shorter than the characteristic times of the pro-
cesses occurring in the plasma under study. The data on
absorption of the probing radiation are used to deter-
mine the plasma density in the liner. An X-ray source
for such backlighting can be either a plasma created by
a high-power short-duration laser beam focused onto a
solid target [7, 8] or an X-pinch burst [9–11].

In this study, an X-pinch source was used for back-
lighting [12]. The data on the absorption of X-ray emis-
sion in the liner plasma was obtained by recording the
transmitted emission on a photofilm.

Along with measuring the absorption coefficient in
plasma by recording two-dimensional images of the
liner on an X-ray film (as in fluorography), this study
was also aimed at determining the distribution of the
mass density in the peripheral part of a tungsten wire
liner in the course of its implosion.
1063-780X/04/3002- $26.00 © 0121
2. EXPERIMENTAL SETUP

A scheme of the experiment on X-ray backlighting
of the liner periphery is shown in Fig. 1. The system
was adjusted in such a way that the images of both the
internal and external regions of the liner were recorded
on an X-ray film (i.e., the line of sight passed along the
tangent to the cylindrical surface of the array, as is
shown in Fig. 1). In our experiments, X-ray films were
placed at a distance of 1.2 m from the X-pinch.

The X-pinch array consisted of four crossed 20-µm-
diameter Mo wires that were connected at their middle
points. The X-pinch array was set in place of one of the
eight return-current posts at a distance of 45 mm from
the liner axis (see Fig. 2). Therefore, it was connected
in series with the main load (liner) of the generator.
Consequently, the X-pinch was synchronized with the
Z-pinch. The X-pinch emitted more than 200 mJ per
burst into a 4π solid angle [13].
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Fig. 1. Scheme of the experiment on X-ray backlighting of
the liner periphery: (1) X-pinch, (2) wire array, (3) Z-pinch,
(4) test wire, (5) system of screens and diaphragms, (6) foil,
and (7) X-ray films placed one behind another.
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2.1. Detector of X-pinch Emission

The X-pinch emission was recorded on RF-3 and
UF-ShS X-ray films.

The spectral sensitivity and the characteristic curves
of the UF-ShS X-ray film were measured in [14]. More
detailed information on the UF-ShS X-ray film is pre-
sented in [15].

The X-ray films were placed one behind another.
The first (RF-3) film recorded an X-ray image created
by X rays that passed through a 16-µm Ti foil or 10-µm
Al foil. The second film recorded an X-ray image pro-
duced by X rays that passed through a metal foil and the
first X-ray film with a thickness of 100 µm. Thus, every
subsequent X-ray film recorded an image produced by
harder X rays than the previous one. In the Angara-5-1
facility, up to four X-ray films were placed one behind
another.

The spectral sensitivities of UF-ShS X-ray films
placed behind a 10-µm Al foil (curve 1), behind a
10-µm Al foil and 100-µm X-ray film (curve 2), and
behind a 10-µm Al foil and two 100-µm X-ray films
(curve 3) are shown in Fig. 3. The curves are plotted for
a film blackening density of D = 1.
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Fig. 2. X-pinch arrangement on the anode disc (side view):
(1) X-pinch, (2) multiwire array (liner), (3) liner cathode,
(4) return-current post, (5) to the detector, and (6) liner
anode.
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Fig. 3. Spectral sensitivity of a UF-ShS X-ray film placed
(1) behind a 10-µm Al foil, (2) behind a 10-µm Al foil and
100-µm X-ray film, and (3) behind a 10-µm Al foil and two
100-µm X-ray films. The sensitivity curves correspond to a
film blackening density of D = 1.
2.2. Selection of X-pinch Emission 
against the Background Z-pinch Emission

A specific feature of the backlighting of multiwire
arrays with X-pinch emission is that the Z-pinch is a
much more intense source of X-ray emission than the
X-pinch. Hence, it can substantially contribute to the
detector output signal. When recorded on an X-ray
film, this will manifest itself as a parasitic exposure of
the film.

In the final stage of implosion, the power of X-ray
emission from the Z-pinch reaches 6 TW, the pulse
duration is 5–10 ns, and the characteristic photon
energy is less than 2 keV. The emission zone, which has
a diameter of 0.4–2 mm and height of 1 cm, resides on
the axis of the multiwire array [16]. Meanwhile, the
power of the X-ray emission from the X-pinch in the
photon energy range of 2–20 keV is no higher than
300 MW [13]; i.e., it is lower by a factor of 30000. The
ratio between the Z- and X-pinch emission energies
(30–80 kJ and 200–700 mJ, respectively) is of the same
order of magnitude (actually, somewhat higher).
Although the photon energy ranges of emission from
the Z- and X-pinches formally do not overlap, there is
always a high-energy tail in the Z-pinch emission spec-
trum. This tail overlaps with the X-pinch emission
spectrum, and the power and energy of this tail can be
comparable to those of X-pinch emission. In the final
stage of implosion, the scattered Z-pinch emission can
be also comparable in power to X-pinch emission.

To prevent the X-ray film from exposure to the for-
ward and scattered X-ray emission from the Z-pinch, a
set of screens and diaphragms were placed between the
Z-pinch and X-ray films (see Fig. 1). The diaphragms
also protected the films from exposure to scattered hard
X rays. To shield the films from the microparticle flows
and radiation arising at the instant of liner pinching, as
well as from plasma radiation emitted from the liner
periphery, the films were coated with a 16-µm Ti foil or
10-µm Al foil.

2.3. Spatial and Temporal Resolution 
of the Diagnostics

The instant of the X-pinch burst and its duration
were determined using pin diodes. The measurements
with pin diodes [13] showed that the full width at half-
maximum of the X-pinch emission pulse is ≈1.8 ns in
the photon energy range of >2 keV and 1.5 ns in the
range of >5 keV. These values characterize the time res-
olution of X-ray backlighting. The true duration of the
X-pinch emission pulse was probably shorter than the
measured one because the temporal resolution of pin
diodes was ≈1.2 ns; hence, it was not possible to record
shorter pulses.

The spatial resolution of the recorded shadowgraphs
was determined by several factors. These were diffrac-
tion, the refraction of the probing beam in a medium
with a variable density, the interference of the deflected
PLASMA PHYSICS REPORTS      Vol. 30      No. 2      2004
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beams, and the finite source dimensions. We estimated
the role of diffraction. For this purpose, we calculated
the distribution of the relative radiation intensity on the
screen set behind an opaque strip of width d. The calcu-
lations were performed using the Fresnel method. The
emission spectrum was assumed to lie in the range 1–
8 keV. The modification of the spectrum by a filter con-
sisting of a 10-µm Al foil and one 100-µm X-ray film
placed behind the foil was also taken into account. The
distance between the source and the strip was 5 cm, and
the distance between the strip and the screen was 1.2 m.
The full width at a level of one-half of the sum of the
minimum intensity (in the shadow region) and the
unperturbed intensity (far enough from the strip
shadow) was taken as the width of the diffraction pat-
tern obtained. This width was recalculated to the origi-
nal object with account taken of the scaling factor. The
intensity distribution behind the strip with a thickness
of d = 4 µm recalculated to the object is shown in
Fig. 4a. The shadow width is ∆ = 5.8 µm. The shadow
width ∆ as a function of d is shown in Fig. 4b. The diag-
onal in this figure corresponds to a situation in which
diffraction is absent and the shadow width is equal to
the strip width. It can be seen that the distance between
this diagonal and the curve ∆(d) is no larger than 3 µm.
Formally, to determine the diffraction-limited spatial
resolution, one should find the response for a zero-
width strip. However, such a response would be of infi-
nite width. The leftmost point on the ∆(d) dependence
has the coordinates d = 1.5 µm and ∆ = 4.5 µm. Taking
into account the results of the above calculations and
the width of the diffraction pattern, the diffraction-lim-
ited spatial resolution can be estimated as no worse than
4 µm.

To verify the spatial resolution of the diagnostics
and determine the source size, 5-µm test wires (with no
current) were placed near the liner under study (see
Fig. 1). It can be seen from Fig. 5 that the 5-µm test
wire is recorded correctly. This fact, together with the
estimated value of the diffraction-limited spatial resolu-
tion (4 µm), evidences that the contribution of any of
the other factors to the spatial resolution is lower than
that of diffraction. This allows us to obtain an upper
estimate for the source size. In the case of an X-pinch
burst, the source size is less than 4 µm. In [17], the size
of an X-ray source on the basis of an X-pinch was
found to be less than 2 µm in the photon energy range
>4 keV.

To find the relation between the blackening density
of X-ray films and the mass density of the liner mate-
rial, we performed the following calibration procedure.
A step attenuator made of the same material as the liner
(in our case, tungsten) was placed in front of the X-ray
films (this is not shown in Fig. 1). The step attenuator
consisted of tungsten filters with surface densities from
300 to 1300 µg/cm2. The filter shadows in the X-pinch
emission were recorded on X-ray films. The surface
density of the plasma under study was estimated by
comparing the film blackening density measured in the
PLASMA PHYSICS REPORTS      Vol. 30      No. 2      2004
experiment with that obtained in the calibration proce-
dure.

3. BACKLIGHTING OF THE LINER PERIPHERY

The results of the X-ray backlighting of the periph-
eral region of a multiwire array at t = 70 ns after the
beginning of the discharge, when the current per wire
had reached 50 kA, are shown in Fig. 5. The liner,
12 mm in diameter and 1 cm in length, consisted of 40
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Fig. 4. Simulations of the shadow produced by an opaque
strip with allowance for diffraction: (a) the intensity profile
J(x) behind the strip with a thickness of d = 4 µm (the profile
is recalculated to the object with account taken of the scal-
ing factor; the horizontal straight line shows the ordinate
used to determine the shadow width) and (b) the shadow
width ∆ as a function of the strip width d (the diagonal cor-
responds to a situation in which diffraction is absent and the
shadow width is equal to the strip width). Simulations were
performed for the X-pinch emission spectrum (1–8 keV)
modified by a filter consisting of a 10-µm Al foil and a
100-µm X-ray film (Fig. 3, curve 2).
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Fig. 5. Mass density distribution in the imploding liner at t = 70 ns from the beginning of the discharge: (a) the profile of the surface
plasma density along straight line A, (b) the shadows of the test wire (slanting line) and dense cores (vertical bands), (c) the profile
of the surface plasma density along straight line B, and (d) the linear density of the substance located between the outer boundary
of the liner and the current x coordinate. The liner with a diameter of 12 mm consists of 40 8-µm tungsten wires. The interwire
distance is 1 mm. The wire linear density is 9.5 µg/cm.
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(d)
8-µm tungsten wires with a linear density of 9.5 µg/cm.
Figure 6 shows the waveforms of the current through
the liner, the power of soft X-ray emission from the
Z-pinch, and the X-pinch emission power under condi-
tions corresponding to Fig. 5.

A fragment of a shadowgraph obtained by the back-
lighting method is shown in Fig. 5b. The results of pro-
cessing this shadowgraph are shown in Figs. 5a, 5c, and
5d. The x and z axes in Fig. 5b define the coordinate
system that will be used subsequently. The x axis is
directed along the radius from left to right (toward the
array axis), the origin x = 0 being at the point with the r
coordinate corresponding to the initial radius of the
wire array. The z axis is directed along the liner axis
(toward the anode), the origin z = 0 being at the bottom
of the shadowgraph fragment.

The light slanting line on the shadowgraph fragment
is a shadow produced by a 5-µm test wire. At x =
220 µm and x = 550 µm, one can clearly see the shad-
ows of two dense wire cores.

The shadowgraph of the step tungsten attenuator with
a known surface density (this is not shown in Fig. 5b)
allowed us to estimate the plasma mass density at differ-
ent liner points. Below, we will use such a characteristic
of the mass density distribution as the surface density
ρl [µg/cm2], which is the integral of the plasma mass

density  along a straight line l passing through the

X-pinch and the point with coordinates (x, z).

The profiles of the surface density ρl along lines A
and B are shown in Figs. 5a and 5c, respectively. In
Fig. 5b, line B is directed radially and passes at the mid-
height of the shadowgraph fragment (z = 0.25 mm),
while line A is directed axially and passes at a distance
of 5 µm from the left margin of the left dense core (x =
568 µm).

ρ ld∫
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In Fig. 5c, the profile of the plasma surface density
ρl has two 25-µm-wide peaks (at x = 220 µm and x =
550 µm) corresponding to the shadows of the two dense
cores. The diameter of the dense cores is larger than ini-
tial wire diameter by a factor of ~3; i.e., 60–80 ns after
the beginning of the discharge, the diameter of the liner
wires increases nearly threefold. To the right of the
dense cores, there are two faint fuzzy peaks (at x = 20
and 80 µm) corresponding to the shadows of the two
cores that have evaporated to a much greater extent. In
the shadowgraphs, these have almost evaporated, and
their smeared cores manifest themselves as variations
in the blackening density over the entire length of the
initial wires (see, e.g., the shadowgraph fragment pre-
sented in Fig. 5b). This fact evidences (i) that smeared
cores do exist and (ii) that different wires evaporate to
different extent; this could be related to the nonunifor-
mity of plasma production and, perhaps, the nonunifor-
mity of the liner current.

The integral of the plasma surface density ρl
[µg/cm2] from Fig. 5c taken over the x axis,

is shown in Fig. 5d. It is a function of the x coordinate
and gives the linear mass density M [µg/cm] of the sub-
stance located between the outer boundary of the liner
and the current x coordinate. Although the lower inte-
gration limit was set at –∞, the integral was actually
taken from the outer boundary (x ~ –100 µm). The esti-
mated mass remaining in the dense cores with diame-
ters of about 25 µm is ~7 µg/cm. The initial mass of one
wire is 9.5 µg/cm; hence, the dense cores contain about
70% of the initial wire mass. The rest of the wire mass
is spread out toward the liner axis over a distance of
~200 µm. In the case of smeared cores, the wire mass is
spread out toward the liner axis over a distance of
~400 µm. We note that a minor fraction of the plasma
is spread outward: a low-density plasma extends to a
distance of ~100 µm from the initial boundary of the
liner.

In Fig. 5a, which shows the axial profile of the
plasma surface density, one can see the axial stratifica-
tion of the plasma near the core with a period of about
200 µm. At t = 70 ns after the beginning of the dis-
charge, the surface density in these plasma jets is
~1000 µg/cm2.

In some discharges, we observed the internal axial
inhomogeneity of the core itself with a characteristic
period of 20 µm (see Fig. 7). It can be seen that there
are sites in which the core looks as if it is fractured in
the axial direction. In these sites, the mass density is
much lower and, perhaps, all the core material has
already been transformed into plasma.

M X( ) ρl x,d

∞–

x

∫=
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4. DISCUSSION

The process of the wire array implosion can be out-
lined as follows:

Over the first several nanoseconds after the begin-
ning of the discharge, a plasma corona arises near the
wire surfaces, and the current switches from the wires
to the corona [18, 19]. A further heating of the wires is
primarily due heat transfer from the plasma corona. The
wire array becomes a heterogeneous system consisting
of the dense wire cores and a surrounding low-density
plasma. The wire cores consist of a substance with a

0

0 80 160
t, ns

X-pinch

ISXRJ
3

Fig. 6. Waveforms of the liner current J, the intensity of soft
X-ray emission ISXR, and the signal from a pin detector sen-
sitive in the range 2–5 keV (the first spike is the X-pinch
burst, and the second pulse is the Z-pinch burst) for the
parameters of Fig. 5. 

18 µm

Fig. 7. Inner axial inhomogeneity of the core at the instant
60 ns after the beginning of the discharge. The current per
wire is 30 kA. The liner with a diameter of 20 mm consists
of 60 6-µm tungsten wires; the interwire distance is 1 mm.

J, MA; ISXR, arb. units
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density as high as the density of solids. Over the most
part of the discharge, the cores remain in their initial
positions and act as stationary plasma sources.

The Ampère force caused by the current flowing
through the plasma corona surrounding the wires accel-
erates the plasma toward the axis of the wire array. The
plasma generated on each wire acquires the form of
highly nonuniform jets stretched along the radius
toward the array axis.

The results obtained allow us to conclude that, by
the time t = 60–70 ns after the beginning of the dis-
charge, the bulk of the array mass (about 90%) is con-
centrated at the periphery and only a minor fraction of
the low-density plasma has reached the liner axis. The
plasma originated from a single wire is spread out
toward the liner axis over a distance of ~400 µm. This
is less than the liner interwire distance, which is equal
to 1 mm. This means that it makes no sense to talk
about a plasma shell that implodes as a single entity (at
least at the instant t = 70 ns after the beginning of the
discharge).

The high azimuthal and axial nonuniformity of the
plasma flows allowed the authors of [20] to propose the
so-called “plasma rainstorm” model. In the Angara-5-1
facility, the fragmentation of the plasma into jets was
also recorded by other diagnostics [16, 21].

Figure 8 presents a wire array shadowgraph
obtained by pulsed laser probing at the instant t = 54 ns
after the beginning of the discharge, when the current
per wire was 25 kA. The plasma emerging from the
wires consists of plasma jets that are modulated in the
axial direction and move toward the liner axis (see
Fig. 8). The characteristic period of these modulations
is 200–300 µm. The characteristic azimuthal size of the

8 mm

Fig. 8. Wire array shadowgraph obtained by pulsed laser
probing at the instant t = 54 ns from the beginning of the dis-
charge. The current per wire is 25 kA. The liner of diameter
8 mm consists of 8 6-µm tungsten wires. The characteristic
period of axial modulations is 200–300 µm. The character-
istic azimuthal size of the plasma jet emerging from the
wire in the middle of the figure is no larger than 100 µm.
plasma jets is no larger than 100 µm (see the wire image
in the middle of the figure).

As the array cavity is filled with hot plasma, a pre-
pinch is formed well before the final stage of implosion.
The prepinch and the plasma jets are both sources of
soft X rays. The cold cores and the plasma corona sur-
rounding them produce shadows in radiation from the
prepinch and the plasma jets. Figure 9 presents a shad-
owgraph of a wire array in the course of implosion. The
array consisted of 32 8-µm tungsten wires. The shad-
ows are seen in radiation with photon energies from 0.1
to 1 keV. For this reason, the shadow size is signifi-
cantly larger than that observed when an X-pinch is
used as a radiation source. In different shadowgraphs,
the shadow size varies in the range 100–400 µm. Shad-
ows with such dimensions are produced by the plasma
surrounding the dense cores. Similar shadows are also
seen in the time-integrated X-ray images of an implod-
ing wire liner [21]. We note that the shadows are clearly
seen at the left of Fig. 9, whereas at the right, they are
not so pronounced. This fact indicates that the wires at
the right in Fig. 9 have evaporated to greater extent than
those at the left. This may be explained in the same way
as in the backlighting experiments (see Fig. 5), namely,
by the nonuniformity of the liner current and plasma
production.

To determine the fraction of the liner mass that
remains at the liner periphery at the instant of the
Z-pinch burst (approximately within 100–120 ns after
the beginning of the discharge), one needs to either
employ other diagnostics (such as laser interferometry
[22]) or to shift the X-pinch burst closer in time to the
Z-pinch burst.

8 mm

Fig. 9. X-ray frame image of the wire array 20 ns before the
Z-pinch burst. The shadows in the prepinch emission are
produced by the wire cores surrounded by the plasma
corona.
PLASMA PHYSICS REPORTS      Vol. 30      No. 2      2004
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5. CONCLUSIONS
Thus, the results of X-ray backlighting of a wire

array at the 70th nanosecond after the beginning of the
discharge can be formulated as follows:

(i) There are dense wire cores with masses of ~70%
of the initial wire mass. The rest of the core mass is
spread out toward the lines axis over a distance of
~200 µm.

(ii) The diameters of the dense cores are about three
times the initial wire diameter. The substance density in
the expanded cores is at least one order of magnitude
lower than the initial density of the cold tungsten.

(iii) Besides the dense cores, there are also smeared
cores that have evaporated to a much greater extent.
Their material is spread out toward the axis over a dis-
tance of ~400 µm. This fact indicates the nonuniformity
of the plasma production and, perhaps, of the liner cur-
rent.

(iv) The radial size of the region occupied by the
material evaporated from the wires is less than the inter-
wire distance.

(v) Outside the liner, the low-density plasma
extends to a distance of ~100 µm.

(vi) The plasma on the inner side of the cores is
stratified in the axial direction with a period of 200 µm.

(vii) An axial inhomogeneity with a characteristic
scale length of 20 µm is observed inside the cores.
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