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Abstract—Results of measurements of soft X-ray emission with photon energies of <1 keV under conditions
of a plasma focus (PF) experiment are presented. The experiments were carried out at the world’s largest PF
device—the PF-3 Filippov-type facility (/ < 3 MA, T/4 = 15-20 ps, W, < 3 MJ). X-ray emission from both
a discharge in pure neon and with a tungsten wire array placed on the axis of the discharge chamber was
detected. The wire array imploded under the action of the electric current intercepted from the plasma cur-
rent sheath of the PF discharge in neon. The measured soft X-ray powers from a conventional PF discharge
in gas and a PF discharge in the presence of a wire array were compared for the first time.
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1. INTRODUCTION

At present, experiments on the implosion of cur-
rent-carrying plasma loads, intended for the develop-
ment of high-power soft X-ray (SXR) sources on the
basis of Z-pinch, are being actively carried out world-
wide. As a rule, megampere current generators are
used for this purpose. Apparently, the first experi-
ments with wire arrays were performed at the OWL II
megampere facility [1]. Wire array loads are currently
being used in the experiments carried out at modern
electrophysical facilities, such as Z (United States);
Angara-5-1, S-300, and EMG (Russia); MAGPIE
(United Kingdom); and SPHINX (France) [2—7]. In
the experiments performed at the Z facility at a current
amplitude of 18 MA and current pulse duration of
100 ns, the implosion of tungsten wire arrays was
accompanied by the generation of SXR pulses (hv >
200 eV) with a duration of 5—8 ns, a power of 280—
320 TW, and an energy of 1.8—2 MJ [3, 8]. The exper-
iments carried out at the less powerful Angara-5-1
facility [2, 9, 10] demonstrated that, at currents of up
to 4 MA, it is possible to obtain SXR pulses with a
duration of about 6 ns, a power of 5—7 TW, and an
energy of >30 kJ. It was shown that the physical mech-
anisms of wire array implosion at the most powerful
ZR facility and other PF devices are similar [11] in
spite of a considerable difference in their discharge
currents.

At the same time, experiments the arrangement of
which differs substantially from that in the above-cited

works are also of considerable interest from the stand-
point of understanding the physics of the load implo-
sion and optimizing the design of plasma loads for
future-generation high-power facilities, such as Baikal
(I = 50 MA, T/4 = 100 ns). This concerns both the
type of load (gas puffs of different configurations, their
combinations with wire arrays, preliminarily prepared
high-quality plasma current sheaths (PCSs), etc.) and
the characteristic duration of the current pulse, which
can reach 1 ps and more. The latter is of particular
interest, because, at comparable currents, microsec-
ond facilities are considerably simpler and cheaper
than nanosecond ones. Thus, the implosion of a wire
array under gas puff conditions was successfully
achieved at the GIT-12 facility (/ = 2.6 MA, T/4 =
270 ns, Russia) [12].

The possibility of implosion of various loads,
including wire arrays, in plasma focus (PF) devices
was demonstrated in [13—16]. In recent years, experi-
ments with tungsten wire arrays have been carried out
at the PF-3 facility (Kurchatov Institute, Russia). It
was shown [17] that the implosion of tungsten wires by
the PCS of a PF discharge is accompanied by a num-
ber of phenomena inherent in the implosion of wire
arrays at high-current accelerators with a nanosecond
current rise time. Among these phenomena, there are
extended plasma production from the load wires, the
formation of a current precursor on the wire array axis
before the arrival of the PCS and implosion of the bulk
plasma, and the so-called “plasma rainstorm.”
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One of the key issues in studying the implosion of
wire arrays is analysis of the power and spectrum of
X-ray emission. Traditionally, the hard component of
X-ray emission (#v > 1 keV) is measured in PF exper-
iments. However, there are also works devoted to mea-
surements of PF X-ray emission generated in the spec-
tral range of 100—300 eV during PCS implosion [18,
19]. So far, no attempts were made to measure the
power of SXR emission (20 eV < Av < 500 eV) from
imploding wire arrays at PF devices, because this
emission is almost completely absorbed by the work-
ing gas under conditions of stationary filling of the dis-
charge chamber. For the same reason, SXR emission
is difficult to extract from the chamber for any practi-
cal use. Nevertheless, this difficulty can be overcome
by placing the irradiated object in the immediate
vicinity of the SXR source and, thereby, avoiding
absorption of radiation by the working gas.

In this work, we present results of measurements of
the SXR vyield from both a PF discharge in pure neon
and a PF discharge in the presence of a tungsten wire
array on the axis of the discharge chamber. The idea of
the experiment was to substantially reduce the absorp-
tion of X-ray emission in the working gas of the PF
facility by creating a vacuum channel for radiation
transportation from the source to the detector.

Taking into account the aforesaid, the goals of this
work were as follows:

(i) to create a system for detecting X-ray emission
in the spectral range from 6 eV to 1 keV;

(ii) to measure the emission characteristics of con-
ventional PF discharges in gas and PF discharges in
the presence of additional loads;

(iii) to study the interrelation between the forma-
tion dynamics of the emission source during the
implosion of a wire array and the time dependence of
the SXR power.

2. ARRANGEMENT OF THE EXPERIMENT

Experiments on the implosion of wire arrays under
PF conditions were performed at the PF-3 Filippov-
type facility (/ < 3 MA, T/4 = 15-20 ps, W, < 3 MJ;
see [14, 20] for details). The diameter of the glass
ceramic insulator of the facility is 90 cm, and its height
is 25 cm. The anode is a copper disk with a diameter of
92 cm and thickness of 2.5 cm. The total capacitance
of the power supply is 9.2 mF, and the maximum
charging voltage is 25 kV, which corresponds to a
stored energy of 2.8 MJ.

To study the emission characteristics of the dis-
charge, we created a system for detection of X-ray
emission in the spectral range of up to 1 keV. The main
requirement to the system for detection of X-ray emis-
sion from the wire array pinch was to reduce emission
absorption by the working gas in the discharge cham-
ber of the facility, as well as in the detection channel
itself. To this end, the channel should have its own
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pumping-out system. The design of one of the detec-
tion channels is shown in Fig. 1a.

To reliably detect SXR emission in different spec-
tral ranges, we manufactured two detection channels
located on the upper lid of the chamber at an angle of
60° to the chamber axis (see Fig. 1b). At smaller
angles, SXR detection can be distorted by ion and
plasma fluxes accelerated in the axial direction. Each
detection channel consists of two coaxial stainless
tubes. The outer tube is joined to the working chamber
of the PF-3 facility via a gate and serves as a vacuum
lock for the inner tube. The 1320-mm-long inner
movable tube, permanently pumped out to a pressure
of <102 Torr, can be moved into the working chamber
of the facility. We note that, when the end of the tube
approached the pinch to a distance of less than
100 mm, strong perturbations of the PCS dynamics
were observed. Therefore, in these experiments, the
end of the inner tube was not placed closer than
130 mm to the pinch. On the tube end facing the emis-
sion source, there was a slit with a width of 0.2—
0.5 mm and length of 10 mm. To prevent the penetra-
tion of the working gas with a pressure of 2—4 Torr
inside the inner tube, the slit was covered with a thin
nitrocellulose (NC) film made of zapon lacquer
(C¢HyO,N) with an areal density of 10—20 pg/cm?.

The movable tube of the measuring channel was
moved up to the required distance from the emission
source immediately before the PF discharge, which
made it possible to perform preliminary training dis-
charges without damaging the NC film. During the
PF discharge, the NC film was evaporated and the slit
made of a 0.2-mm-thick copper foil was damaged.
The integrity of the NC film was monitored by mea-
suring the residual gas pressure in the vacuum chan-
nels. SXR emission was detected by a vacuum X-ray
diode (XRD) with a nickel cathode placed at the
opposite end of the inner tube. A set of diaphragms
arranged inside the movable tube provided reliable
collimation of X-ray emission from the imploding
wire array.

The areal density of the separating NC film was
13—23 pg/cm?. Its spectral transmission and the spec-
tral transmission of the working gas (neon) are shown
in Figs. 2b and 2a, respectively. Figure 2c shows the
absolute spectral sensitivity of the XRD with allow-
ance for the transmission of the NC film. The depen-
dences of the mass absorption coefficients on the pho-
ton energy, p(hv), are taken from [21, 22], and the
quantum efficiency of the nickel cathode is taken from
[23, 24].

The XRD spectral characteristics presented in
Fig. 2 allow one to estimate the figure of merit of the
measuring vacuum channel with the NC filter placed
at a distance of 180 mm from the emission source as
compared to emission measurements performed at a
distance of 540 mm behind the standard gate. Even the
threefold decrease in the path length of radiation



884

Atmosphere

DAN’KO et al.

Neon

(a)
Dlaphzgms - 0.2- to 0.5-mm-wide slit
XRD 8.5 Q = with the NC filter
Q Q
I Pinch
([ 1 | Y
— e ——p— Vacuum N
I v
I
80 B 150 185
1320
|
Inner tube
XRD | XRD 2 (b)

Pumping-out

Steel rod

Vacuum gate ‘Vacuum chamber

o -
DitootoA of detection
_ by means of image tubes

Fig. 1. System for detection of SXR emission (#v < 1 keV) at the PF-3 facility: (a) design of one of the two detection channels (all
dimensions are in millimeters) and (b) schematic of the facility chamber and arrangement of the detection channels.

propagating through the working gas from the source
to the detector leads to the 37-fold increase in the flux
of 200-eV photons. The proposed system allows one to
reliably detect SXR emission.

The slit of the measuring channel was oriented
across the pinch axis (in a horizontal plane). Using
this slit, the XRD with a diameter of the working cath-
ode region of D = 2 cm was collimated onto a pinch
segment with a height of 2—4 mm, depending on the
distance between the slit and the plasma (see Fig. 3).
The XRD anode was a thin perforated plate with a
transparency of 7= 0.5. A dc voltage of 400 V was sup-
plied to the cathode. The XRD signals were recorded
using a Tektronix TDS3034C oscilloscope with a
transmission band of 300 MHz.

Let us estimate the light-gathering power @ of the
SXR detection channel (slit + XRD), the scheme of
which is shown in Fig. 3. It depends on the solid angle
Q2 within which the radiation gets into the detector

PLASMA PHYSICS REPORTS

from each point of the pinch, ® = (Q/4m)Tf.,(0),
where f.1(0) is the coefficient of radiation anisotropy
for a cylindrical SXR source (further, it is assumed to
be equal to unity), 0 is the polar angle, and 7= 0.5 is
the transparency of the XRD anode grid (see Fig. 3).
In our geometry, on the one hand, the slit is narrow in
the sense that any point the emission source (pinch)
yield a slit projection that entirely fits the height of the
XRD cathode. On the other hand, the slit is suffi-
ciently long for the total width of the XRD cathode be
illuminated through this slit. It should be noted that,
in our case, the XRD cathode was circular in shape;
therefore, the width and height of the cathode were
equal to its diameter D. Thus, considering the slit to be
narrow and long, i.e., Ay =d/a < D/(a +b) and Ap =
D/(a + b) < L/a, we have

Q = n/4AQAy = E(d/a)D/(a + b)

=Ed(D/a’)/(1+ 1), M

Vol. 41  No. 11 2015
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Fig. 2. (a) Spectral dependence of the transmission coeffi-
cient K of X-ray emission for neon at ¢ = 10 cm and 7=
295 K for (/) pa =22 g/cm2 and a pressure of Py = 2 Torr,
(2) pa =_33 pg/cm” and Py = 3 Torr, and (3) pa =
44 ug/cm2 and P, = 4 Torr; (b) spectral dependences of
the transmission coefficients of NC films with areal densi-
ties of (/) 13.5 and (2) 23 pg/cmz; and (c) absolute sensi-
tivities of XRDs with a nickel cathode and NC filters with
the same values of the areal density as in panel (b).

where A is the azimuthal angle; €& = mt/4 is the coeffi-
cient accounting for the circular shape of the XRD input
aperture when estimating Ag; D is the cathode diameter;
d is the slit width; a and b are the distances from the

pinch to the slit and from the slit to the XRD, respec-
tively; and I' = b/a is the magnification coefficient.

As is known, the final stage of the PF compression
is characterized by an unpredictable displacement of
the pinch with respect to the axis of the discharge
chamber from shot to shot. This displacement can
reach 10 mm, which created some difficulties for SXR
measurements, because the viewing field of each SXR
channel in the radial direction was 11 mm. As was
noted above, the viewing field in the vertical direction
was 3 mm. Two identical detection channels oriented
in two mutually orthogonal azimuthal directions were
used to measure SXR emission (see Fig. 1b). Both
channels “saw” the same vertical segment of the
pinch, which, under the natural assumption of the
axial symmetry of pinch radiation, made it possible to
perform comparative measurements. Due to the use of
a standard KF vacuum junction and special holders,
the channels preserved their observation directions
after the regular disassembly and reassembly for the
replacement of the filters covering the input slits after
each PF discharge. The invariability of the observation
direction was verified by two test adjustments per-
formed in the course of the experiment, according to
which the adjustment error in the vertical direction
was about 1 mm. In view of the aforesaid, the signals
measured using two SXR detection channels could be
either identical in the shape and amplitude or differ
substantially. As a rule, the maximum of the two XRD
signals was used when processing the experimental
data.

The SXR power and the parameters of the SXR
spectrum are usually recovered from the recorded
XRD signals by solving an ill-posed inverse problem,
as it was done, e.g., in [25]. To enhance the accuracy
of the recovery, the number of measurement channels
in different spectral ranges should be as large as possi-
ble. Since, in our experiments, both detection chan-
nels were equipped with identical filters, the interpre-
tation of the results of measurements of the radiation
power included several variants corresponding to
aprioi information on the emission spectrum. In
experiments with wire arrays carried out at megam-

Fig. 3. Arrangement of the SXR source (pinch), spatial slit, and radiation detector (XRD).
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Fig. 4. General view of the wire array.

pere generators, it was found that most energy of the
Z-pinch emission spectrum lies in the range from sev-
eral eV to 500 eV. In this case, the XRD voltage mea-
sured using the oscilloscope is Uxgp(f) = ()R =
Pgxr(hv, YDPK(hv)Sxrp(hV)R, where R is the wave
impedance of the cable (50 Ohm), Sxrp(#V) is the
absolute sensitivity of the XRD (in A/W) behind the
filter, i(¥) is the XRD current (in A), and Pgxr(hV, ?) is
the power of plasma radiation (in W). The expression
for Uxrp(?) also takes into account the spectral coeffi-
cient of radiation transmission through the working
gas, K(hv), between the source and the input slit of the
XRD measuring channel according to the functions
presented in Fig. 2.

Formula for calculating the radiation power per
unit pinch height, P(Av, f) (in W/cm), from the value
of the oscilloscope voltage with allowance for the
absorption in the working gas, the geometry of the
measuring channel, and the absolute sensitivity of the
XRD is as follows: P(hv, ) = Psxr(hv, H)/h = Pgxr(hv,
HI'/D, where h = aD/b = D/T is the pinch height.

Substituting all necessary quantities into the

expression for the linear power P(hv, f), we finally
obtain

2
P(v,1) = 0.641(1 + T) -2 —Uxeo® 5,
dD” Sxrp(AV)K (V)
Table 1
Load in the axial Discharge
Shot no. . .
region of the facility parameters
4237 — Ne gas
4238—4242 | 20-mm-diameter Py=3.0Torr
15-mm-high wire Uy =10kV
array made of Wy =460kJ
40 6-pm-diameter
tungsten wires with
a total linear mass
of 220 pg/cm

PLASMA PHYSICS REPORTS

In addition to the above SXR measurements, we
used the following PF-3 standard diagnostics:

(i) measurements of the total discharge current by a
Rogowski coil with an absolute sensitivity of 192 kA/V;

(ii) measurements of the time derivative of the total
current by a loop probe with a sensitivity of 3 X
10 A/(V s), located near one of the current buses of
the facility collector;

(iii) measurements of radiation in the spectral
range above 1 keV by using an RPPD-11 PIN diode
covered with a 7-pm-thick aluminum foil with a time
resolution better than 5 ns.

The process of wire array implosion was monitored
by means of an optical streak camera and four frame
electron-optical cameras. The frame exposure was
12 ns, the time interval between frames being 150 ns.

Tungsten wire arrays were used as plasma-forming
loads. The array consisted of 40 6-pm-diameter tung-
sten wires arranged uniformly along the generatrix of a
20-mm-diameter cylinder rested on two coaxial cylin-
drical electrodes spaced by 15 mm (see Fig. 4). The
wires were strained under the weight of the lower elec-
trode. The linear mass of one tungsten wire was about
5.5 pg/cm. In the series of experiments described
below, neon at an initial pressure of about 3 Torr was
used as the working gas. The total energy W}, stored in
the capacitor bank at a charging voltage U, = 10 kV was
460 kJ. The parameters of the wire array and the gas
discharge in the PF-3 chamber are given in Table 1.
The wire array was suspended on a rod made of
12Kh18N10T nonmagnetic stainless steel. It was
inserted through a vacuum gate into the axial region of
the PCS final compression (see in Fig. 1) after a series
of training discharges without violation of vacuum
conditions in the chamber.

3. EXPERIMENTAL RESULTS

Figure 5 sows typical time dependences of the total
current / and its time derivative dI/df for the above
parameters of a discharge in neon. The current rise
time to the peak value of ~2 MA was about 15 ps. The
PCS compression onto the axis and the formation of
the PF pinch are accompanied by the appearance of a
dip in the time dependence of the total current deriva-
tive dI/dt (see Fig. 5).

SXR emission in the photon energy range of <1 keV
from discharges in neon without wire arrays was mea-
sured using two detection channels with input slits of
width d = 0.3 mm and NC filters with an areal density
of 23 pg/cm? (see Table 2). The inputs of both detec-
tion channels were placed at the same distance of a =
13 cm from the emission source. Several tens of dis-
charges in pure neon were performed.

Let us consider shot no. 4237, in which the maxi-
mum SXR power was achieved. The results in this shot
are presented in Fig. 6 and Table 2. It follows from
Vol. 41

No. 11 2015
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Fig. 5. Typical waveforms of the total current / and its time
derivative dI/dt in discharges in neon at a pressure of Py =
3 Torr, Uy =10 kV, and W = 460 kJ.

Fig. 6 that the SXR power begins to be recorded by
detectors XRD1 (Uxgrp;) and XRD2 (Uxgp,) at the
time corresponding to the dip in the total current
derivative dI/dt and reaches its maximum in about
75 ns. The profiles of the SXR pulses measured by
detectors XRD1 and XRD2 are two-humped in shape.
The first narrow peak coincides with the maximum of
the PIN diode signal U,;,, which corresponds to X-ray
emission with photon energies of Av >1 keV. Since
XRD-type detectors (unlike RPPD-11 ones) also
detect SXR emission with photon energies of <1 keV,
the trailing edges of their signals are substantially lon-
ger than the short trailing edge of the signal U,. The
full width at the half-maximum (FWHM) of the SXR
pulse measured by the XRD is about 600 ns, while the
pin diode signal U, is considerably shorter (about

p
50 ns).

It was noted above that, since the system for detect-
ing SXR emission with photon energies of <1 keV was
in fact single-channel, the SXR power per unit pinch
length was evaluated by formula (2) under assumption
of emission monochromaticity for several variants
with different values of the photon energy. When
recovering the SXR power, radiation absorption in the
working gas (neon) over a distance a from the SXR
source to the input slit of the detection system (see
Table 2) was taken into account. The emission energy
was obtained from the recovered SXR power with
allowance for the FWHM of the SXR pulse. The first
variant in Table 2 concerns the first short peak
(~50 ns) in the XRD1 signal, which coincides in time
with the pin diode signal. Apparently, the main contri-
bution to the first peak on the Uxrp, signal is made by
photons with energies of Av ~ 1 keV (the K shell of
neon). In the second and third variants, it was
assumed that the photon energies belong to the ranges
corresponding to the L-shell emission of neon with
photon energies of #v = 150 and 200 eV, respectively.
Apparently, it is emission with these photon energies
that determines the ~600-ns duration of the XRD sig-
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Fig. 6. X-ray signals measured by detectors XRDI1
(Uxrp1) and XRD2 (Uxgrp,) and the pin diode (U,;,) and
waveform of the total current derivative dl/df in shot
no. 4237 without a wire array (Ne, Py = 3 Torr, U, = 10kV,
and W, =460 kJ).

nal. The fourth variant corresponds to the lower
boundary of the XRD sensitivity, which corresponds
to photon energies of about 8—10 eV.

Under the above assumptions on the spectrum of
the X-ray source, it follows from Table 2 that, in a dis-
charge in neon without a wire array, the radiation
power in the spectral range of Av < 1 keV was
2.5—9 GW/cm. The corresponding SXR energy was in
the range from 0.16 to 5.4 kJ/cm.

Below, we consider results of experiments with wire
arrays.

Figure 7 shows the main stages of PCS compres-
sion and wire array implosion recorded using an elec-
tron-optical frame camera in several discharges (shot
nos. 4238—4242) with the same initial conditions (see
Table 1). In the final stage of compression, the PCS
approaches the location of the wire array (time #,). As
was shown in [17], during the interaction of the PCS
with the wire array, the current is almost entirely
switched to the wires. Within the time interval from ¢,
to 43, required for the entire wire material to be trans-
formed into plasma (the phenomenon of extended
plasma production [10]), a plasma precursor forms on
the axis of the wire array. In the time interval from #, to
t;, when plasma production from the array wires had
already terminated, the stage of the final plasma com-
pression and the formation of a Z-pinch with a diam-
eter of 1.5—3 mm and height of 8—10 mm begins. A
certain amount of the wire material that remains after
termination of plasma production from the array wires
and is not compressed onto the array axis (the so-
called trailing mass, see frame #,) is present at the
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Table 2
Distance a from Signal amplitude,*
the pinch to the slit i 3 s > |Photon energy Av, | SXR power** | SXR energy**
Shot no. and slit width d, NC filter, pg/cm* | V; mgna:l :WHM, Y P, GW/em | W, kljem
cm
4237 13/0.03 23.0 ~1.2/50 1000 3.3 0.16
0.9/600 200 2.5 1.5
0.9/600 150 59 3.5
0.9/600 8 9.0 5.4

* With allowance for the 1 : 1.5 divider.** With allowance for absorption in the working gas.

periphery of the wire array The main stages of the
implosion of a wire array and the compression dynam-
ics of its plasma were discussed in detail in [17].

Let us compare the compression dynamics of the
wire array plasma obtained using the electron-optical
frame camera with the results of time-resolved SXR
measurements by means of XRDs.

First, we consider shot no. 4241. In the optical
frame images corresponding to this shot (see Fig. 8),
the dynamics of the wire array until the beginning of
the stage of final compression are illustrated. In the
frame taken at the time #; (250 ns before the dip in the
total current derivative d//df), one can see the PCS
approaching the wire array. The location of the wire
array is shown by the dashed rectangle. In the frame
taken at the time #,, the PCS has already begun to
interact with the wire array. One can see that PCS
compression is somewhat asymmetric with respect to
the wire array. Before this time, diode XRD2 does not

51 1)

PCS

100 mm

14 Is

Trailing mass

detect radiation from the wire array. At the time #;, a
small pedestal is observed in the signal Uxgp,, which is
associated with the X-ray emission of the plasma pre-
cursor on the wire array axis, as is seen in the corre-
sponding optical frame image. At the periphery of the
wire array (at the initial array radius), there is the
remaining wire material from which the plasma con-
tinues to be produced. After the termination of plasma
production from the wires, the stage of final plasma
compression onto the array axis begins (see the frame
corresponding to the time #,). The maximum of the
SXR power in the signal Uygp, is reached =500 ns after
the dip in the total current derivative. The FWHM of
the SXR pulse in this case is about 880 ns.

It should be noted that the interaction of the PCS
with the wire array improves the location of com-
pressed plasma on the axis of the chamber as com-
pared to conventional discharges in neon.

13

Wire array Precursor

Plasma source

Is

Fig. 7. Implosion of the CPS and wire array according to data from optical frame images taken in shot nos. 4238—4242. The
20-mm-diameter 15-mm-high wire array consists of 40 6-pm-diameter tungsten wires with a total linear mass of 220 pg/cm. The

surface of the facility anode is on the bottom.
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Fig. 8. Waveforms of the total current derivative d//dt and X-ray intensity measured by detector XRD2 (Uxrp») in a PF discharge
in neon in the presence of a 20-mm-diameter 15-mm-high wire array consisting of 40 6-pm-diameter tungsten wires with a total
linear mass of 220 pg/cm (shot no. 4241, Py = 3 Torr, Uy = 10 kV, and W}, = 460 kJ). On top: optical frame images synchronized
with the above waveforms. The times #; = —250 ns, #, = —100 ns, #3 = +50 ns, and 74 = +200 ns are counted from the instant cor-
responding to the dip in the waveform of d//dt. The location of the wire array is shown by the dashed rectangle.

The region occupied by the compressed Z-pinch
plasma (see optical frames Fig. 7) on the wire array
axis is 8—10 mm in height, which is substantially
shorter than the wire array height (15 mm). The posi-
tions of the XRDs and the wire array were adjusted in
such a way that the XRD fields of view coincided with
the region of Z-pinch compression or was somewhat
lower. When the XRDs saw the lower part of the Z-
pinch, the signals from them were lower in amplitude
and had a longer duration (see Fig. 8). When the XRD
fields of view got in the compactly compressed middle
part of the Z-pinch, the signals were larger in ampli-
tude and had a shorter duration. It is this case that will
be considered below in more detail.

Figure 9 and Table 3 show the results of measure-
ments of the SXR power from the wire array Z-pinch
in shot no. 4242, in which the final stage of wire array
implosion and the formation of the Z-pinch were
observed in optical frame images. As in shot no. 4241,
the XRD signal Uxgp, begins to be detected at the time
close to the dip in the current derivative dl/dt. At the
time #,, the precursor is observed inside the wire array
and a pedestal is present in the XRD1 signal. At the
time #,, the process of plasma production from the
wires has already terminated and the stage of final
plasma compression has begun. In the stage of final
compression of the wire array plasma, the XRD signal
increases and reaches its peak value at 500 ns after the
dip in the total current derivative. At the time corre-
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sponding to the maximum of the SXR power, the
formed pinch is observed on the wire array axis (see
optical frames taken at the times #; and #,). The
FWHM of'the SXR pulse in this shot was about 650 ns,
which is about 1.4 times shorter than for shot no. 4241.

It should be noted that, in the presence of a wire
array in the PF discharge, the signal from the pin
diode, which detects radiation in the spectral range
above 1 keV, was absent. Apparently, this is due to the
softening of the emission spectrum of the pinch pro-
duced from the tungsten wire array as compared to
that of the neon PCS. It is reasonable to consider that,
in this case, photons with energies of >1 keV also did
not contribute to the Uxgp; signal. The results of the
recovery of the SXR power and SXR energy from
XRD signals are presented in Table 3 for the same
photon energies as in Table 2 (8, 150, and 200 eV).

Comparison of the results presented in Tables 2
and 3 shows that, in the presence of a tungsten wire
array in the region of PCS final compression, the
power of X-ray emission in the spectral range of 100—
200 eV is at least three to four times higher than during
the compression of a neon PCS. For the same level of
the discharge current as in experiments with a neon
PCS, the estimated linear power and energy of SXR
emission (Av < 1 keV) vary in the ranges of 6—
20 GW/cm and 4—13 kJ/cm, respectively, depending
on the supposed radiation spectrum of the Z-pinch
wire array.
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Fig. 9. Waveforms of the total current derivative d//dt and X-ray intensity measured by detector XRD1 (Uxgp1) in a PF discharge
in neon in the presence of a 20-mm-diameter 15-mm-high wire array consisting of 40 6-pm-diameter tungsten wires with a total
linear mass of 220 pg/cm (shot no. 4242, P, = 3 Torr, U, = 10 kV, and W{ = 460 kJ). On top: optical frame images synchronized
with the above waveforms. The times #; = +80 ns, #, = +230 ns, 3 = +380 ns, and #, = +530 ns are counted from the instant

corresponding to the dip in the waveform of d1/dt.

4. DISCUSSION OF RESULTS

In experiments with wire arrays performed at the
PF-3 facility, the achieved level of the radiation energy
(4—13 kJ/cm) in the spectral range of Av < 1 keV is
close to that observed in experiments on the implosion
of wire arrays carried out at the same level of the dis-
charge current at high-power electrophysical facilities
with nanosecond-range current pulse durations, such
as COBRA (1 MA, 100—150 ns, Cornell University,
United States), ZEBRA (1 MA, 80—100 ns, College of
Science University of Nevada, United States), and
MAGPIE (1-1.4 MA, 240 ns, Imperial College,
United Kingdom) [26—29]. However, the SXR power
(6—20 GW/cm) in the same spectral range was sub-

stantially lower than the power of 200—500 GW/cm
achieved at the above facilities.

Experiments with gas puffs and wire arrays have
shown that one of the possible reasons for the limita-
tion of the radiation power can be that the fraction of
the total current switched from the gas puffto the wire
array is too small, due to which the compression
dynamics of the Z-pinch is violated. For example, the
experiments carried out at the GIT-12 facility [12]
showed that the current from gas puff PCS could be
switched to the wire array only when the total imped-
ance of the gas puff plasma was higher than the imped-
ance of the wire array, i.e., the condition R, +
dL,,/dt > R, was satisfied. The wire array impedance
R, is inversely proportional to the number of wires in

Table 3
Distance a from
Shot no the pinch to the slit NC fil , |Signal amplitude,* V;| Photon energy Av,| SXR power** | SXR energy**
"| and slit width d, ilter, pg/em| o al FWHM, ns eV P GW/em| W, kI/cm
cm
4242 18.5/0.045 23.0 1.8/650 200 5.6 3.6
150 20 13.0
8 12.6 8.2
* With allowance for the 1 : 1.5 divider.
** With allowance for absorption in the working gas.
PLASMA PHYSICS REPORTS Vol. 41 No. 11 2015
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the array; therefore, the efficiency of current switching
from the gas puff PCS should increase with increasing
number of wires in the array. The experiments carried
out at the Angara-5-1, C-300, and MAGPIE facilities
have shown that the current cannot be entirely
switched to the wire array. A fraction of the current-
carrying plasma penetrates inside the wire array, due
to which the efficiency of tungsten plasma compres-
sion in the final stage of implosion is reduced. It was
shown experimentally that this fraction of the current
can be substantially reduced by increasing the number
of wires in the array [30—32].

The growth rate of the current flowing through the
array wires during current switching depends on the
PCS compression velocity V, and the PCS thickness
Opcs as the instant of its interaction with the wire array,
dl/dt = (V,/0pcs)l. For a current at a level of 1—
1.5 MA, the PCS propagation velocity of (0.5—1) X
107 cm/s, and the PCS thickness of about 1 cm, the
growth rate of the current flowing through the array
wire is (0.5—1.5) x 103 A/s and the current rise time to
the peak value is 100—200 ns, which is comparable
with the implosion time of wire arrays in experiments
carried out at high-power electrophysical facilities
with nanosecond-range current pulse durations. The
experiments performed at the PF-3 facility show that,
when the above condition is satisfied, the current is
almost entirely switched from the PCS to the wire
array and almost the entire wire array mass (about
80%) is compressed onto the axis [17].

The formation and heating of the pinch are associ-
ated, in particular, with the conversion of the kinetic
energy of the counter-propagating plasma flows mov-
ing under the action of the Ampeére force from the ini-
tial position of the exploded wires. The X-ray power
Py, generated due to the conversion of the kinetic
energy of the wire array plasma into the internal
energy of the Z-pinch can be estimated as follows:

Py, =5 10"3mV}/A, (3)

where Py, isin GW/cm, A, is the thickness of the wire
array plasma (in cm), V, is its compression velocity (in
cm/s), and m is its linear mass (in pg/cm).

For the experimentally observed compression
velocity of the wire array plasma of about 5 x 10° cm/s
and the plasma thickness of 0.2—0.3 cm (see [17]), we
obtain P, ~ 5—10 GW/cm. In the zero-dimensional
model (see [33]), the expression for the radial com-
pression velocity V, of the wire array plasma with
allowance for the number of wires has the form

|V(t)| _ 106 N —11 I[ (I)

r(?)
where [/ is the current (m MA), ris the plasma radius
(in cm), and N is the number of wires in the array. It
should be noted that, for a sufficiently large number of
wires, we have (N — 1)/N — 1. The numerical calcula-

1, 4
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tion by formula (4) shows that, in order to achieve the
experimentally observed compression velocity of the
wire array of 5 X 10° cm/s, it is necessary that the cur-
rent switched to the array be no less than 1 MA. Thus,
X-ray measurements indirectly confirm the results of
[17], according to which the current is efficiently
switched from the PCS to the wire array.

Another reason for the limitation of the SXR power
generated by the Z-pinch is that a fraction of the
plasma remains at the periphery of the wire array (at
the initial position of the wires) [34]. This occurs in
the final stage of plasma compression, when plasma
production at the periphery of the wire array has
already terminated. If there still remains plasma in this
region of the wire array, then it can shunt a fraction of
the discharge current. This should lead to a decrease in
the electromagnetic power delivered into the axial
region. As a result, the compactness of the Z-pinch
compression deteriorates and, accordingly, the SXR
power is reduced. In this case, a fraction of the electro-
magnetic power of the facility generator is lost due to
the current leakage at the periphery of the wire array.
It should be noted that Z-pinch compression is a con-
sequence of the breakthrough of the magnetic flux and
plasma inside the wire array. In the course of its for-
mation, the pinch is heated due to both the conversion
of the kinetic energy of the counter-propagating
plasma flows formed under the action of the Ampere
force and the absorption of the magnetic field energy
supplied from the discharge circuit. The phenomenon
of the breakthrough of the magnetic flux inside the
wire array in the final stage of plasma production was
studied experimentally in [35, 36].

Analysis of the physical mechanisms governing the
conversion of the electromagnetic energy of the dis-
charge into the plasma thermal energy in the stage of
final compression requires further experimental stud-
ies and goes beyond the scope of the present work. It is
worth noting, however, that, according to the theoretic
model proposed in [37—39], the electromagnetic
energy of the discharge circuit can be converted into
the internal energy of the Z-pinch due to MHD turbu-
lent mixing of the plasma and the magnetic flux pene-
trating into the Z-pinch with a velocity close to the
Alfvén velocity and may further be spent on the gener-
ation of the SXR pulse. Using the expression for the
SXR power obtained in [37—39], we obtain the follow-
ing estimate for the linear SXR power Pyyp (in units
of GW/cm) generated due to such MHD mixing:

2

P =Boony <500 L
MHD_g Trvy=

—3
r inch\/E

p

(6))

where [ is the current (in MA) flowing through the
Z-pinch with a radius 7, (in mm) and linear mass m
(in pg/cm) For the experiment values I = 1 MA,
Fpinech = 1.35—3 mm, and m = 220 pg/cm, we find that
Pyap is about 10— 20 GW/cm.
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It should be noted that, since Pyyp depends
strongly on the pinch current and pinch radius, it is
necessary to have detailed information on the radial
distribution of the current inside the wire array, which
was unavailable in the present experiments. Therefore,
the above estimate of the SXR power is only qualitative
in character. Nevertheless, the values of P,;, and Pyiup
estimated from expressions (3) and (5) are comparable
with the measured level of the linear SXR power.
According to expression (4), in order for the compres-
sion velocity of the wire array plasma V, in the final
stage of implosion to increase twofold (i.e., to
107 cm/s), it is necessary that the amplitude of the dis-
charge current also increases twofold, provided that
the time dependence of the current /(¢) and the linear
mass of the wire array remain the same. In this case,
according to formulas (3) and (5), the values of Py,
and Pyyp Will increase nearly by one order of magni-
tude. An increase in P,;, can also be achieved by opti-
mizing the parameters of the wire array, e.g., its linear
mass and initial radius. The optimization of the wire
array design also implies an increase in the array
height. Indeed, it follows from the optical frames in
Figs. 7 and 9 that, when the PCS approaches the wire
array, its height is about a factor of 1.5—2 larger than
the height of the wire array (15 mm). The electrotech-
nical measurements show [20] that, when the PCS is
compressed onto the axis, the inductance of the dis-
charge reaches a value of about 100—130 nH, which is
substantially larger than the self-inductance of the
imploding wire array (about 7 nH). Thus, the increase
in the initial inductance of the wire array due to the
two- to threefold increase in its height should not
decrease the discharge current in the final stage of
PCS compression and, consequently, should not dete-
riorate the implosion process. In this case, the height
of the radiating pinch region and, accordingly, the
total SXR will increase in proportion to the increase in
the wire array height.

Thus, the twofold increase in the discharge current
and the optimization of the wire array design makes it
possible, in principle, to increase Pyyp nearly by one
order of magnitude and reach an SXR power of
200—500 GW/cm, previously achieved at nanosec-
ond-range “vacuum” generators with the same level of
the discharge current. Nevertheless, there is a series of
effects that may limit the radiation power.

(i) The counter-pressure produced on the “tung-
sten” plasma by the high-energy low-emissive mate-
rial of the neon PCS, which penetrates through the
wire array and possesses a larger time of ion-to-elec-
tron energy transfer.

(ii) The heating of the “inner” plasma by the cur-

rent of the precursor penetrating inside the array in the
stage of plasma production from the array wires.

(iii) The absence of dissipation of the electromag-
netic energy (or its substantial reduction) due to MHD
turbulence in the stagnation stage caused by the shunt-
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ing of the Z-pinch current by the rarefied peripheral
plasma and the residual gas.

(iv) An increase in the duration of the X-ray pulse
due to the so-called “zipper” effect, which occurs due
to oblique propagation of the PCS front with respect
to the axis and leads to the nonsimultaneous plasma
compression over the Z-pinch height.

To study the influence of these effects and find
ways to overcome them will be a natural continuation
of this experimental work.

5. CONCLUSIONS

A technique for detecting SXR emission in the
spectral range from 20 eV to 1 keV has been elaborated,
and comparative measurements of the SXR power
from conventional PF discharges in neon and PF dis-
charges in the presence of a tungsten wire array have
been performed for the first time.

The obtained results allow us to draw the following
conclusions.

(i) As follows from the electron-optical frame
images of the imploding plasma, the maximum com-
pression is achieved in the center of the wire array. The
instant of the maximum compression corresponds to
the peak of the SXR power (2v < 1 keV). For the total
array height of 15 mm, the diameter of the Z-pinch is
1.5—3 mm and its height is 8—10 mm. The formation
of the plasma precursor on the wire array axis cor-
relates with the time dependence of the X-ray power.
This process corresponds to the pedestal in the time
profile of the SXR power.

(ii) It has been demonstrated for the first time that,
in the presence of a tungsten wire array in a PF dis-
charge, the power and energy of X-ray emission in the
spectral range from 100 eV to 1 keV increases at least
three- to fourfold as compared to the compression of a
conventional neon PCS.

(iii) Estimates obtained under the assumption of
the monochromaticity of SXR emission for different
values of the photon energy (8, 150, 200, and 1000 eV)
show that, at a discharge current of 1 MA, the linear
SXR power and energy (hv < 1 keV) generated by the
wire array Z-pinch amount to 6—20 GW/cm and 4—
13 kJ/cm, respectively.

The SXR power can be increased by one order of
magnitude (to about 0.5 TW/cm) by increasing the
amplitude of the discharge current about twofold and
optimizing the wire array parameters.
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