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Important issues in high-current plasma Marek J. Sadowski,
. . Marek Scholz
experiments of the Z-pinch type

Abstract. This paper is based on an invited lecture given at the 10th International Workshop and Summer School “To-
wards Fusion Energy”, which was held in Kudowa Zdr6j, Poland, on June 12-18, 2011. A concise review is presented
of the known experimental results on various plasma Z-pinch experiments supplied by high-voltage and high-current
pulsed power generators. The most important issues and the most valuable results in this domain are highlighted.
A broad class of various Z-pinches is considered, including simple inter-electrode discharges, single exploding wires,
so-called X-pinches, cylindrical wire-array Z-pinches, radial wire-array discharges, conical wire-array experiments,
and gas-puffed Z-pinches. Non-cylindrical Z-pinch discharges (often called plasma focus experiments) are also briefly
characterized. The most important characteristics of each category of experiments are outlined. Particular attention is
paid to fusion-oriented high-power Z-pinch experiments and the problems encountered in experiments with various
sophisticated fusion targets. The main issues in the described Z-pinch experiments are identified. Finally, new trends
in the dense Z-pinch research are described.
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Introduction

The term “linear Z-pinch” is used to denote the effect
of a radial compression of the plasma column by an
azimuthal magnetic field generated by the current flow-
ing through this column. Unfortunately, the Z-pinch
column is prone to various magnetohydrodynamic
(MHD) instabilities. In particular, a small local nar-
rowing developes into the so-called sausage instability
(m = 0), while a small bending leads to the strong “kink
instability” (m = 1), as shown in Fig. 1.

Linear or quasi-linear Z-pinch discharges are
observed in nature, e.g. as intense lightnings, as well
as in various laboratory experiments, as presented in
Fig. 2.

In fact a dense Z-pinch (DZP) was one of the earli-
est plasma-confinement schemes examined in the quest
for controlled thermonuclear fusion. The research on
controlled thermonuclear fusion started in early 1950’s
with experiments involving Z-pinches in deuterium.
These experiments were launched almost simultane-
ously with the effort to construct a thermonuclear
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Fig. 1. The most common magnetohydrodynamic instabilities
which plague Z-pinch discharges and destroy a dense Z-pinch
plasma column.
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Fig. 2. Examples of Z-pinch type discharges in nature (left)
and in the laboratory (right).

neutrons generated in linear Z-pinches were reported
by the US, Soviet and some European laboratories in
the middle 1950’s [4, 10, 12, 29, 44]. However, the op-
timism connected with Z-pinches did not last long as it
was soon understood that the observed neutrons were
not of thermonuclear origin. They were produced instead
by beams of deuterium ions which were accelerated in
Z-pinches to the energies of the order of 50-200 keV
and then fused upon impact with other deuterium ions,
despite the fact that the plasma temperature remained
relatively low [2].

The interest in DZP was revived again in the
1980’s when substantial neutron yields were obtained
from a Z-pinch of a deuterium fibre heated by a short
pulse (< 1 ms) with high current (> 1 MA), but again
it turned out that the observed neutrons originated
from the beam-plasma interactions [36, 46]. Conse-
quently, the efforts to develop a nuclear fusion reactor
based on the direct heating of a fibre Z-pinch plasma
were abandoned. Research was focused on wire-array
Z-pinches which could produce very intense X-ray
pulses, that could then be used for an indirect drive of
inertial confinement fusion micro-targets [32]. As an ex-
ample one can mention a hohlraum system with a fusion
micro-target placed between two Z-pinch discharges,

which delivered powerful X-ray pulses that ionized and
compressed this micro-target [8].

Studies on DZP were continued with a variety of
experimental schemes in many laboratories all over
the world, and they provided valuable data about dense
plasmas at thermonuclear conditions [3, 59]. The main
aim of this paper is to present a classification of differ-
ent Z-pinch experiments, to summarize the important
results that had been obtained and to identify most
important issues appearing in this approach.

Classification of Z-pinches

The Z-pinch configurations investigated so far may be
divided into the following groups:
1. Single-channel Z-pinches:
a) linear Z-pinch devices with electrodes;
b) single exploding wire devices;
c) capillary discharges;
d) micro-pinches.
2. Wire-array Z-pinches:
a) cylindrical (classical) wire-array Z-pinches;
b) nested wire-array Z-pinches;
¢) conical wire-array arrangements;
d) radial wire-array arrangements;
e) planar wire-array arrangements.
X-pinch configurations:
a) two-wire X-pinches;
b) multi-wire X-pinches;
¢) nested X-pinches.
Gas-puffed Z-pinches:
a) single-shell gas-puffed Z-pinches;
b) multi-shell gas-puffed devices.
5. Non-cylindrical Z-pinches, often called dense
plasma focus (DPF) experiments:
a) DPF devices with classical cylindrical electrodes;
b) DPF devices with nontrivially shaped electrodes.
We briefly characterize below each of these Z-pinch
configurations.
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Examples of single channel Z-pinches

As already mentioned, a linear Z-pinch discharge be-
tween two metal electrodes placed inside a chamber
filled at low pressure with the pure deuterium was
one of the earliest and simplest schemes of the plasma
heating and confinement in the quest for controlled
fusion reactions. The MHD instabilities, along with an
impurity influx from the solid electrodes at each end of
the linear Z-pinch, forced fusion researchers to use an
additional axial magnetic field for stabilization of the
m = 0 mode, and to eliminate the electrodes altogether
by transforming the magnetic field with both the axial
and azimuthal components into a toroidal configuration
(like a tokamak).

The early modelling of DZP assumed that the
pinch current is increased in such a way so as to assure
a constant plasma radius and the balance between
the magnetic field pressure and the plasma pressure,
as well as flat density and temperature profiles. It was
deduced that under idealized equilibrium conditions,
when the Ohmic heating equals the bremsstrahlung
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losses, the pinch could operate at the Pease-Braginskii
current of I = 1.5-2.0 MA, depending on the plasma
temperature and density profiles [21]. In later develop-
ments different plasma/current profiles were examined
in order to understand possible stability constrains and
achieve a better grasp of the overall pinch dynamics and
performance. These profiles were assumed to be frozen
into the pinch. The analysis of the pinch dynamics was
extended to multi-dimensional models, which allowed
to take into account the diffusion effects [19, 35].

The research on pulsed DZP was oriented on form-
ing a pinch with a diffuse current by expanding the
radial extension of the current sheath, and on applying
a high voltage across a fibre made of a metal or frozen
deuterium (or frozen D-T mixture). The resulting
Z-pinches involved currents in the range of hundreds of
kA, passing through a filament of about 10 pm radius,
and were shown to be stable for relatively long times,
provided that the plasma current was rising quickly
enough (> 10" A/s). Preliminary estimates of the DZP
neutron emission showed that pinches of the radius
a = 15-20 pm and the length of [, = 5-10 cm, operated
with a discharge time tp = 50 ns should result in a DT
burn-up fraction fz = 0.05-0.1 and generate a neutron
yield Y, = (0.5-1.0) x 10", producing Wr = 0.1-0.2 MJ
of fusion energy. Such Z-pinches should involve a peak
current of 1.5-2.0 MA and for the tp = 50 ns they
would require voltage gradients V,/l, = 5-10 MV/m,
which might be delivered, e.g., from a water-filled
transmission lines charged by Marx-type generators
[21]. Those estimates were the basis for construction
of large Z-pinch machines, e.g., a HDZP-II experiment
shown in Fig. 3.

It should be noted that the theoretical time needed
for a solid fibre pinch to become unstable due to the
m = 0 andm = 1 distortions is of the order of the Alvén
transit time t, = a/v,, where a is the pinch radius and v,
is the Alvén speed. The DZP experiments performed
in the 1990’s have shown stability characterized by the
Alfvén time multiplicity N, = [ (v,/a) dt on the order of
hundreds, while for practical applications as a neutron
source one would need Ny = 1000. In order to study
Z-pinch discharges at very high currents new large
pulsed power facilities have been designed and con-
structed, e.g., the Z-machine at the Sandia National

HDZP-II

1 - load chamber (pinch)
2 - fibermaker

3 - transmission line

4 - intermediate store

5 - Marx bank

Fig. 3. An outline of a large Z-pinch experiment (HDZP-IT)
at the Los Alamos National Laboratory in USA [15].
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Fig. 4. Image of a tungsten-wire pinch recorded within the
Z-machine at Sandia National Laboratories, USA [51].
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Laboratories in USA [51]. Numerous experiments with
a single wire or fibre were performed and it was found
that that X-ray images of a single-wire pinch contain
numerous micro-regions of enhanced emission (so-
-called hot-spots), as shown in Fig. 4.

Spectral distributions of X-rays generated in the
Z-pinch were measured and it was found that the av-
eraged electron temperatures 7T, are in the range of
150-350 eV. The X-ray energy spectra showed high-
-energy tails which might be modelled as originating
from small but hot and very dense plasma objects (of
50-100 pum in diameter). In fact such hot-spots were
recorded in time-integrated images of X-rays in the
energy range above 6 keV. These observations provided
the motivation for studies of multi-wire loads, which are
described further below.

The subgroup (c) of the single-channel Z-pinches
category consists of the so-called capillary pinches,
which are formed when the discharge is initiated inside
a long narrow channel (e.g., 3 mm in diameter and
20 cm in length); in such pinches the plasma column may
be stabilized by solid walls [39], as shown in Fig. 5.

Capillary discharges can produce very stable
Z-pinches (due to the proximity of cooling channel
walls) and are of particular interest for research on
X-ray lasing. Contemporary capillary Z-pinches are usu-
ally powered by a multi-stage Marx generator capable of
supplying 150-300 kV pulse through a 5 Q, 3 nF water-
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Fig. 5. Schematic diagram of a typical experimental setup
for studies of capillary Z-pinches (not to scale). To maintain
the pressure in the capillary the filling gas (e.g. argon) is fed
through a hole in the grounded electrode, and the X-ray lasing
is observed behind a special collimator or filter [39].

-filled coaxial pulse-forming line which, beingswitched
by a self-breaking spark gap. To maintain the pressure
in the capillary the filling gas, e.g. argon, is fed through
a hole in the grounded electrode [11].

It was demonstrated that the capillary Z-pinches
are capable of a strong amplification of EUV and soft
X-rays, e.g. amplification of the Ne-like Ar line with
A = 46.9 nm. Unfortunately, the attempts to shorten their
operational wavelength have so far been unsuccessful,
except in the case of a hydrogen-like carbon line with
) = 18.2 nm, generated in the discharge channel by the
ablation of capillary walls (which is irreproducible).
The amplification of shorter wavelengths requires plasma
formed from some metal (Pd, Ag, Cd, In, Sn) vapours
with the abundance of Ni-like ions. Feeding of such metal
vapours into the capillary is difficult because the metal is
deposited on capillary wall and shortens its life-time. It
was suggested that a wire explosion in the capillary with
liquid walls might be a solution to this problem [20].

It should be noted that in accordance with the Saha
ionization equation the most stable electron configura-
tions are neon-like ions (with 10 electrons remaining)
and nickel-like ions (with 28 electrons remaining). The
electron transitions in such highly ionized plasmas usu-
ally correspond to energies of the order of hundreds
electronvolts (eV).

Another approach to practical table-top X-ray lasers
is based on the use of micro-pinches. Such discharges
have the form of a high-voltage (HV) breakdown chan-
nel with the diameter of approximately 100 um, formed
within a thin insulating foil placed between two HV
electrodes. The aim of this approach is to reduce the size
and cost of capillary pinch devices, which are influenced
mainly by parameters of pulsed power generators. In
fact, the contemporary micro-pinch devices, e.g. those
developed at the Ecole Polytechnique in France, can
play the role of point-like X-ray sources, which are
useful for research and various applications.
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The most important issues in the research on single-
-channel Z-pinches described above may be formulated
as follows:

1. Although single-wire experiments have been aban-
doned, single gas-injection Z-pinches still deserve
further studies.

2. To explain filamentary structures observed even in
the single channel Z-pinches a more refined 3-D
(three-dimensional) modelling is needed.

3. The optimization of capillary discharges should be
performed by a proper selection of the capillary
material, the gas filling system and power supply
generators.

4. Diagnostic methods should be further developed to
obtain a better picture of Z-pinch characteristics.

5. Optimization of micro-pinch devices should be
performed for different research projects and tech-
nological applications.

Description of wire-array Z-pinches

As already mentioned above, results obtained from
single-wire Z-pinch experiments led to the development
of wire-array Z-pinches. The simplest wire array Z-pinch
consists of several thin metal wires oriented along the
z-axis and distributed symmetrically on a circle, forming a
cylindrical structure [14]. Such a structure is then installed
between the electrodes of a high pulsed power generator.
After a high-voltage and high-current pulse is applied to
the wire-array load, the system is subject to compression
in the radial direction, as shown in Fig. 6.

One may distinguish several characteristic phases
in such a wire-array Z-pinch: 1) the transformation of
wire cores into a plasma corona; 2) the development
of uncorrelated axial instabilities; 3) an inward flow
of metal plasma jets with a low magnetic Reynolds
number; 4) the formation of a stable and dynamically
confined central plasma column (called the precursor);
5) the radial implosion of metal plasma at almost con-
stant velocity (when gaps occur in the wire cores); and
finally 6) the generation of a fast-rising soft X-ray pulse,
e.g., 5 ns FWHM pulse emitted at the plasma stagnation
phase. These phases can be relatively well modelled with
modern computer codes, as shown in Fig. 7.

Advances in the pulsed power technology made it
possible to perform Z-pinch experiments of a new type
[13]. The new technology allowed to obtain pulses with
multi-MA currents. Experiments on the generation
of intense electron or proton beams (in PBFA and
ANGARA machines) were abandoned, mainly because
of difficulties with the focusing of such beams upon
nuclear micro-targets. In fact the fusion-oriented re-

Fig. 6. Contours of the mass density (p) current density (j,) and magnetic stream lines (B), as obtained from a 2-D simulation

of a Z-pinch discharge of an 8-wire cylindrical array [14].
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Fig. 7. Experimental (top row) and simulated X-ray images (bottom row) for a cylindrical array of 32 Al-wires investigated

at the Imperial College, UK [14].

search based on the use of high-energy heavy ions was
never even been started on a larger scale. As a result
of the rising interest in discharges with extremely high
currents many new Z-pinch facilities were designed
and constructed, particularly in the USA and Rus-
sia. The modular structure of those facilities allowed
them to obtain record discharge power of 1010 W,
but the fusion neutron yields appeared to be very mod-
erate [13]. A general view of one of the largest facilities
of this type is shown in Fig. 8.

Experiments with various wire-array Z-pinches were
performed at many large facilities in UK [14], USA [8,
18], France [7] and Russia [22]. The main aim of numer-
ous wire-array Z-pinch experiments was to optimize
the power of the X-ray emission, which might be used
for inertial confinement fusion (ICF) of micro-targets.
Some exemplary results are shown in Fig. 9.

The wire-array Z-pinch experiments in the facilities
mentioned above involved implosions of thin cylindrical
targets composed of many (from several dozens to sev-
eral hundreds) very thin metal wires (mostly tungsten).

Fig. 8. Photo of the largest SATURN facility at the Sandia
National Laboratories, USA, which was later up-graded to the
Z-machine, and then to the ZR-machine [13].

For example, SATURN experiments involved implo-
sions of 12.5 mm i.d. cylinders consisting of 70 tungsten
wires with the diameter of 7.5 um in which X-ray pulses
were generated with the energy in the 450-800 kJ range
[18]. The large PBFA-II facility at the Sandia Lab [58]
initially designed for fusion experiments with the use
of particle beams, was converted in the 1990’s into the
Z-machine which could generate pulsed currents reach-
ing 27 MA [56]. In the experiments with cylindrical
targets composed of 480 very thin tungsten wires the re-
cord X-ray yields of the total power of 290 TW were ob-
tained. Such X-ray pulses could be used for ICF related
experiments, but computer simulations have shown that
to achieve fusion one needs X-ray pulses with power
in the range of 1000 TW and the total energy of about
16 MJ. Guided by these requirements, researchers at
the Sandia Lab designed the X-1 machine which could
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Fig. 9. The power of X-rays emitted in different Z-pinch ex-
periments carried out using SATURN and later the Z-machine
at the Sandia National Laboratories, USA [18].
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Fig. 10. Triple hohlraum system with a fusion micro-target
placed in the centre. Powerful X-ray pulses produced by two Z-
-pinch discharges (on both sides) ionize and compress the target
in order to initiate a controlled thermonuclear explosion [8].

be used for inertial experiments with triple-hohlraum-
-type loads, as shown in Fig. 10.

Experiments with triple-hohlraum loads in the
Z-machine did not achieve very high fusion yields.
However, due to its potential as a driver for Z-pinch
ICF experiments, the wire-array configurations became
one of the most thoroughly developed and intensively
studied on pulsed power machines over the world for the
next 10 years. Much of the work had been concentrated
on the so-called nested wire-array Z-pinches, which con-
sist of two multiple-wire cylinders, one surrounding the
other. Such nested wire-array configurations enabled to
achieve X-ray pulses with record parameters of 280 TW
power and 1.8 MJ energy [9]. The work on optimization
of such configurations is still in progress.

Recently there has been some interest in the so-called
star-like loads [16], which are shown in Fig. 11.

Simultaneously with the Z-pinch experiments de-
scribed above, which relied on cylindrical loads, there
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Fig. 11. Star-like loads (points on broken lines denote indi-
vidual wires) with corresponding current pulses (trace 1) and
X-ray signals recorded behind a 2-um Kimfoil-filter (trace 2)
obtained in experiments with copper wires [16].
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Fig. 12. Side-on interferometric pictures of untwisted (a) and
twisted (b) conical wire arrays and end-on images of the self-
-emission of energy > 30 eV (c and d). A Schlieren image (¢)
shows the appearance of a rotating plasma jet [1].

were some experimental efforts involving other configu-

rations, e.g. conical wire-arrays [1], which are shown in

Fig. 12.

It should be noted that the conical wire-array
Z-pinches are of particular interest from the point of
view of astrophysics, because precursor plasma flows
exhibit many effects characteristic of astrophysical
phenomena, e.g. super-Alfénic and/or super-sonic
flows, radiative cooling effects, high-Beta plasma
and fully collisional flows.

Another interesting group of experiments are the
radial wire-array Z-pinches, in which wires are extended
radially from the centrally located cathode [28]. Such a
configuration and the phases of an associated discharge
are shown in Fig. 13.

It should be noted that the radial wire-array
Z-pinches offer some advantages over standard cylin-
drical wire-arrays. Such configurations implode in a
very stable and orderly way. Therefore they seem to
be suitable for coupling with small hohlraum targets.
Recent experiments carried out on the MAGPIE
(1 MA, 250 ns) machine at the Imperial College in
UK, as well as OEDIPE (730 kA, 1.5 ps) and SPHINX
(4 MA, 700 ns) facilities at the Centre d’Etudes de Gra-
mat in France, have shown the relatively high scalability
of the radial wire-array Z-pinches [27]. Recently also pla-
nar wire-array Z-pinch experiments [17] attracted some
attention. An example of such a configuration is shown
in Fig. 14. The planar wire-array Z-pinches still require
an improved modelling and further experimentation.

In authors’ opinion the most important issues of
research on wire-array Z-pinches can be formulated
as follows:

1. The choice of materials, the number wires and their
physical dimensions need to be optimized in order
to achieve high X-ray yields.

2. Development of appropriate diagnostic methods
requires further efforts.

3. Design and manufacturing of sophisticated fusion
targets is another task.

4. Development of corresponding physical models and
codes is needed.

5. New wire-array Z-pinch experiments at a different
scale should be performed.

6. It is important to understand why the K-shell yield
varies as m,' (consistent with the K-shell opacity),
while for good pinches m, varies as I'*.
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magnetic cavity

Fig. 14. (a) A 4 planar wire-array Z-pinch used to drive
a fusion capsule; (b) a picture of a 20 mm wide system of
40 tungsten wires for the SATURN experiment; and (c) the
magnetic field lines computed for a given return current cage
and 2 planar wire arrays (c and d) [17].

7. Particular attention should be paid to the explana-
tion of the role of hot-spots in the generation of
X-rays with photon energy above 1 keV.

Examples of X-pinch experiments

The X-pinch is an interesting Z-pinch load configuration
consisting of two (or more) fine metal wires arranged in
such a way that they cross and touch at a single point,
forming an “X” shape. Most of the experiments with
the X-pinches have been performed with two or four
wires driven by high-current pulsed power generators
delivering currents in the range of 200-500 kA [33]. In

Exploded wire
Cath

Return current halfcylinders Rogowski coil
X-pinch 1 X-pinch 2

Exploded wire array

Fig. 15. Examples when X-pinches were used for backlighting
of linear pinches: (a) X-pinch and linear Z-pinch in parallel,
(b) wire-array in the centre and two X-pinches in return cur-
rent paths.

recent years the X-pinches have been also studied on
generators with 1 MA or even higher currents. With
an increase in the discharge current the initial mass of
the X-pinch load also had been increased. Some typical
X-pinch configurations are presented in Fig. 15.

It should be noted that in the first approximation
the X-pinch mass might be increased according to the
formula m; = M ypimem 1%, Where I is the discharge current
and M pimum 1S the optimum mass found in the experi-
ments carried out with a lower current, when soft X-ray
bursts are emitted at or after the current maximum. It is
also worthy to mention that some X-pinch experiments,
e.g. XP and COBRA at the Cornell University, USA,
showed that X-pinches emit intense electron beams
along their symmetry axis [49].

Experimental studies of X-pinch plasma dynamics
and plasma parameters have been carried out with differ-
ent high-current pulsed generators, including the S-300
machine at the Kurchatov Institute (Moscow, Russia),
operated with currents up to 2.3 MA and the rising time
of 150 ns. The X-pinches with various numbers of crossed
wires — between 2 and 20 - and a range of diameters
(55-300 pm) made of W, Mo, Ni-chrome and S-S (with
linear densities of 3.6-40 mg/cm) were investigated in
order to find the configuration ensuring the highest
X-ray yield.

A further development of the X-pinch configura-
tion is the so-called nested X-pinch, analogous to the
nested cylindrical wire-array, but with all wires crossing
in the same place. An example of a nested X-pinch is
shown in Fig. 16.

Such nested X-pinches have been investigated on
the COBRA generator at the Cornell University [48]
and at the Sandia National Laboratories, USA [52]. It
turned out that X-pinches are ideal sources for X-ray
backlighting, because they produce small bright spots
(the so-called hot spots). The hot spots (of about 1.2 ym
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Cathode &

Fig. 16. Scheme of a crossing region and the configuration of
a nested (multi-layer) X-ray pinch experiment.

in diameter, lasting 10-100 ps) themselves are interesting
plasmas (n; > 0.1 X solid density, T. ~ 1 keV).

The X-pinches had been investigated for several de-
cades in experiments involving currents in the 0.5-1.0 MA
range. These efforts were reviewed by several research-
ers, e.g. [48]. Studies of the X-pinches at currents above
1 MA were started at the Sandia National Laboratories
in 2007 and oriented towards optimization of the mass/
length ratio and the scaling vs. current, the optimization
of X-pinch configuration (from 2 to 64 wires made of Mo
or W), and selection of the best material for wires (Al Ti,
Mo, W). Some examples of the investigated configura-
tions are presented in Fig. 17.

Tests of X-pinches with higher currents (> 6 MA)
were performed on the SATURN machine for vari-
ous loads, e.g. 128 x 75 pm W (108 mg/cm, S3734),
64 X 53 um W (27 mg/cm, S3735), 32 X 53 um W
(13.6 mg/cm, S3736), 32 x 73 pm Mo (13.7 mg/cm,
S3735), but only the 14 mg/cm loads showed pinch near
the peak current. The results obtained at SATURN for
currents above 6 MA showed that the mass/length does
not scale as /% These studies have been of primary im-
portance for the HEDP (high energy density physics),
e.g. the radiative collapses.

In authors’ opinion the most important issues of
research on X-pinches can be formulated as follows:
1. Optimization of the X-pinch configuration by selec-

tion of materials, number of wires and their physical

dimensions.

2. Development of appropriate diagnostic methods.
3. Development of corresponding physical models and
codes.
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Fig. 17. Soft X-ray framing image and diagram presenting
a current waveform and estimated emission power vs. time,
which shows multiple X-ray bursts of energy > 1 keV [52].

4. Realisation of new X-pinch experiments of various
scales.

5. Explanation on the basis of results obtained from
1 MA X-pinches (with X-ray sources < 16 um), why
the nested 1-MA X-pinches appear to operate more
reliably and produce even smaller sources.

6. Continuation of studies of very small X-ray spots,
e.g., these of dimensions of about 1 um [37], in order
to produce point-like X-ray sources.

Description of the gas-puffed Z-pinches

A very important direction of research on the Z-pinches
is the investigation of gas-puffed Z-pinches, where
one of the electrodes is equipped with a system of gas
nozzles and fast valves used to produce a gas-curtain
load [31]. An example is presented in Fig. 18.

This approach was developed on the basis of intuitive
considerations in order to maximize the directed kinetic
energy of an implosion, which could be then rapidly
thermalized at the stagnation to produce copious X-rays.
Another aim was to minimize the growth of the magnetic
Rayleigh-Taylor (R-T) instabilities. The main goal of the
high-current (1 MA or more), high-Z gas-puffed pinch ex-
periments was to produce plasma of such a temperature
and density so as to obtain high yields of the characteristic
K-shell radiation.

In fact high-quality implosions originating from gas
shells of a large radius, and involving mass profiles with
high density near the z-axis, were successfully obtained
on Double-EAGLE [31].

Considerations based on fundamental relations for
pinch dynamics and plasma energy/mass ratio, together
with the experimental data suggested that with the
increasing current /, the optimum mass 7pimum Scal-
ing is weaker than 12 [50]. The best results have been
obtained with a triple-shell nozzle system (see Fig. 18).
In these experiments the implosion was started within
the outer shell at a large radius, which was stabilized
by the inner-shell gas, and subsequently by the cen-
tral gas jet. Some exemplary results are presented in

“center jet” with without
jet jet

r(cm)

e e > I 3
| sy oo w——

Z (cm) Z (cm)

Fig. 18. Scheme of a cathode with coaxial nozzles (left) and
gas density distributions obtained with or without the central
jet [31].
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Fig. 19. Current waveforms and power of the recorded
X-ray emission from two shots performed with and without
the central gas jet [31].
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Fig. 20. Discharge current and K-shell radiation vs. time for
DQ (5.7 MA, 225 ns) experiment using a triple-shell nozzle
gas-puff with the diameter of 12 cm [31].

Fig.19. The triple-shell nozzle system was successfully used
for argon gas-puffed Z-pinch experiments on Double-
-EAGLE and DQ machines, as shown in Fig. 20.

The same triple-nozzle system was used for gas-
-puffed experiments on the SATURN machine at
I'=6.5MA and t = 200 ns. About 65 kJ of argon K-shell

radiation was obtained, i.e. by a factor of 1.5 higher than

obtained previously with a uniform gas-fill introduced

through a 4.5 cm diameter nozzle, operated at I =

7.1 MA and t = 50 ns.

In authors’ opinion the most important issues in the
research on gas-puffed Z-pinches can be formulated as
follows:

1. The experimental confirmation that large diameter
gas implosions can generate high-energy photons
and long implosion times.

2. Optimization of the tailored initial radial mass pro-
files in order to produce high-quality, large diameter
implosions (with mitigated R-T instabilities).

3. Understanding the gas-puffed pinch energetics,
i.e. why the kinetic energy stops to increase before
K-shell emission, but coupled energy continues to
increase.

4. Improving diagnostics in order to explain different
results obtained from laser interferometry and other
measurements.

5. Continuation of experimental and theoretical
studies of combined Z-pinch experiments with wire
arrays and gas puffing [34, 50] in order to achieve
higher X-ray yields.

Features of non-cylindrical Z-pinch (dense plasma
focus)

A non-cylindrical Z-pinch (often called a plasma focus)
is formed by a high-current discharge between two co-
-axial electrodes. In this configuration the initial break-
-down (at the insulator surface) forms a current sheath,
which is accelerated in the inter-electrode region (at
appropriate gas pressure) and pushed behind the elec-
trode ends, where it undergoes a radial compression and
forms a dense pinch column, as shown in Fig. 21.

It should be noted that although an accurate quan-
titative model of the breakdown (taking into account
all the complexities of the current sheath formation) is
still missing, the axial acceleration and radial compres-
sion phases can be relatively well described by a 2-D
(two-dimensional) MHD model [45]. This model can
be applied until the end of the first expansion (and in

e
. I . |
]
S,

Fig. 21. Schlieren i images and visible radiation pictures of the radial compressmn phase recorded with a hlgh speed camera

before and after the maximum compression (¢t =

0) in the PF-1000 facility at IPPLM in Warsaw, Poland [45].
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the case of large devices even further), but after this
phase more sophisticated models are needed.

Discharges of the plasma focus (PF) type have been
investigated in many laboratories [5]. It was proved
that in the experiments of this type, performed with a
deuterium gas filling, a dense magnetized plasma may
be obtained, sufficiently hot for the nuclear fusion reac-
tions of D-D and D-T type to occur. In fact, from the
very beginning the main aim of the PF experiments was
the optimization of fusion-produced neutron yields. The
initial scaling Y, o« I° [5] was evidently too optimistic,
and eventually a more realistic scaling Y, o I* [24] was
established. The neutron yields obtained from the large
PF-1000 facility seem to conform to such scaling, as
shown in Fig. 22.

It should be noted, however, that in all the PF experi-
ments performed so far a saturation effect was observed:
beyond certain value an increase in the discharge
voltage (and discharge energy) does not result in the
appropriate increase of the neutron yield. Therefore,
the simple scaling law cannot be extrapolated to very
high currents (and energies).

Nevertheless, the PF discharges have been and
still are investigated in many labs because they are
also sources of intense pulses of the electromagnetic
radiation (e.g. X-rays) as well as corpuscular emission.
In particular, the PF discharges emit intense beams of
accelerated primary ions (e.g., deuterons) and fast elec-
trons. Detailed experimental studies of the ion beams
in the downstream direction have shown that the
primary deuterons are emitted in many narrow micro-
-beams, with energies reaching 1 MeV [5, 53]. There
is some experimental evidence that these deuterons
are accelerated by strong electromagnetic fields that are
generated inside the dense plasma column. The number
of emitted beams is a decreasing function of their en-
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Fig. 22. Optimistic scaling of neutron yields (as I°) from old
PF experiments (J — Julich, Li — Limeil, AJ — Aerojet Lab,
M —Moscow, LA —Los Alamos) performed before the 1990’s
[5], and a more realistic scaling (as [*) and neutron yields (black
circles) obtained in the PF-1000 facility [24].

ergy. Recently, it has been demonstrated experimentally
that some beams of primary ions are emitted also in the
upstream direction (towards the anode) [26, 53].

The experimental studies of the electron beams,
which can be accelerated by the same local electro-
magnetic fields in the direction opposite to that of the
ions, have shown that electrons are emitted mostly in
the upstream direction (and can be measured behind an
axial channel in the anode), but some the electrons are
emitted in the downstream direction as well [26].

Unfortunately, the mechanism of the acceleration
of the primary ions and electrons in PF discharges have
not been so far explained in a satisfactory way. Some
researchers suspect that the formation of strong local
electromagnetic fields can result from the development
of MHD instabilities of current filaments appearing
inside the pinch column. Such filaments were observed
during the formation of the current sheath in many PF
experiments [52]; in some experiments, for example
those performed on the POSEIDON facility in Stuttgart
University [40], it was observed that such filamentary
structures can exist also during the phase of maximum
compression. The appearance of the current filaments
within the pinch column was also registered on some
high-speed camera pictures taken at the IPPLM’s
PF-1000 facility.

The problem of current filaments and other issues
of research on dense magnetized plasmas produced
in PF discharges were considered and discussed in
a paper published in 2008 [42], but PF studies per-
formed in the past two years provided new data. The
investigations performed on PF-1000 were concen-
trated on two tasks: (a) interferometric measurements
of PF-1000 discharges, and (b) studies of the fast
(about 3 MeV) protons produced in the second branch
of D-D fusion reactions. In regard to the first task,
a multi-frame laser interferometry setup was developed
at IPPLM, which made it possible to record up to 16
interferometric images during a single discharge [23].
A detailed analysis of the recorded interferometric
images was performed by means of an automated
system, as shown in Fig. 23.

In these studies a particular attention had been
paid to some toroidal, helical and plasmoidal structures
formed inside the pinch column, as well as to their cor-
relations with X-ray and neutron pulses [25].

Inregard to the second task, the preliminary proton
measurements reported in [42] were followed by more
detailed studies carried out by means of 16 miniature
pinhole cameras equipped with shielded nuclear track
detectors (NTD) and distributed around the pinch axis
[41]. The proton images obtained in this way showed a
distinct azimuthal anisotropy, as shown in Fig. 24.

Had the pinch column been uniform, the emission
of the fusion protons would be isotropic in all radial
directions. The observed anisotropy of this emission was
hypothesized to result from an influence of filamentary
structures. The possibility that trajectories of fast charged
particles (e.g. fusion protons) might be affected by local
magnetic fields arising from current filaments was men-
tioned in an earlier paper [41], as presented in Fig. 25.

Various possible configurations of the PF pinch
column were considered, for example a homogenous
column, a configuration of 6 or 12 linear filaments,
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Fig. 23. Examples of interferometric images obtained in PF-1000 at selected discharge stages, and an analysis of the fringes

by means of an automatic system [23].
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Fig. 25. Computations of trajectories of the fast fusion-pro-
duced protons, as performed for 6 current filaments [41].

and a funnel-like configuration. It was shown that for
the pinch configuration which contains some linear
filaments, fast fusion protons may be deflected close to
the pinch column and emitted both in the upstream or
downstream direction. Detailed computations of fusion
proton trajectories showed that their azimuthal distri-
bution may have a number of distinct peaks, related to
the number of current filaments, and the experimental
results might be approximated by a multi-peak sinusoi-
dal distribution [43], as shown in Fig. 26.

The proton measurements described above have
provided an indirect evidence of an important role
played by filamentary structures.

In PF studies carried out in several research
centres in the last two years some progress was made
in the investigation of small PF facilities designed for
different applications [55] an in the measurements of
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Fig. 26. The distribution of fusion-produced protons, as
obtained from the Monte Carlo computations under an as-
sumption of 12-filaments [41], compared with the total yields
of fusion-protons recorded around the PF-1000 z-axis for two
experiments in PF-1000 and fitted to the 12-peak sinusoidal
distribution [43].

high-intensity ion and electron streams emitted from
a medium scale PF devices [30].

Taking into consideration the experimental and theo-
retical studies reported above, the most important issues
of research on PF phenomena can be formulated in the
authors’ opinion as follows:

1. To investigate acceleration of charged particles in
plasma by local electromagnetic fields.
2. To study mechanisms by which the fusion neutrons

(and protons) are generated during PF discharges.
3. To explain the role of a leakage current and plasma

outflow.

4. To determine features of local sources of ion beams
and fusion neutrons.

5. To investigate collective acceleration of ions by
intense electron beams.

6. To explain the role of dense plasma structures, e.g.
hot spots, current filaments, etc.

New trends

After reviewing various Z-pinch experiments done in the
past we also want to outline some new trends in the con-
temporary Z-pinch research. It should be noted that re-
cent efforts, as reported at the DZP-2011 conference [6],
have been directed mainly towards hybrid experiments:
1) the magnetized laser inertial fusion (MAGLIF) [54];
2) hybrid X-pinches [47]; 3) hybrid planar Z-pinches [17];
and 4) micro-pinches for particle acceleration [15].
The MAGLIF experiments are aimed at the inves-
tigation of laser-produced plasma magnetized by an
axial magnetic field (produced by external coils) and
compressed towards the symmetry axis by a liner made
of a metal shell with an aspect ratio (Ry/AR) equal to
about 6 [54]. The hybrid X-pinches are realized with
metal electrodes in the form of a cone with the tip cut off

to fix very short X-wires [47]. The idea behind the
hybrid planar Z-pinches [17] is to use several (6 or 8)
small planar arrays placed symmetrically around a
cylindrical surface with the central fusion micro-target
(analogous to the configuration of 4 planar arrays men-
tioned in the section devoted to wire-array pinches).
Micro-pinches designed for studies of the charged
particle acceleration use narrow capillaries (e.g., with
diameter less than 100 um) and very intense laser beams
(above 10" W/cm?), which are tightly focused (e.g.,
below the spot size of 40 um) and injected along the
capillary axis in order to induce the particle acceleration
in very strong wake-fields, generating fields in excess of
GV/m [15]. Such an acceleration might eliminate the
need to build very long linear RF accelerators, which
can only produce fields below 50 MV/m.

Summary and conclusions

The considerations presented above may be summa-

rized as follows:

1. Various types of Z-pinch experiments have been
reviewed, in particular single channel Z-pinches,
wire-array Z-pinches, X-pinch experiments, gas-
-puffed Z-pinches and non-cylindrical Z-pinch
(DPF) experiments.

2. The most important results and the main aims of
theoretical and experimental research on Z-pinches
have been presented and discussed.

3. Problems of the optimization of various Z-pinch
devices have been characterized, in particular the
maximization of the X-ray emission (from multi-
-wire experiments) and the fusion neutron yield from
experiments with sophisticated fusion targets.

4. The main issues of research on non-cylindrical
Z-pinches (DPF) have been specified and impor-
tance of studies of dense plasma structures, i.e. hot
spots, current filaments, etc. had been emphasized.
Our conclusion is that further extensive theoretical

and experimental studies of various Z-pinch discharges

(including DPF experiments) are needed in order to un-

derstand all physical phenomena involved in these pro-

cesses and to explain voluminous experimental data.

References

1. Ampleford DJ, Ciardi A, Lebedev SV et al. (2007) Jet
reflection by a quasi-steady-state site wind in the labora-
tory. Astrophys Space Sci 307:29-34

2. Anderson OA, Baker WR, Colgate SA et al. (1958)
Neutron production in linear deuterium pinches. Phys
Rev 110:1375-1387

3. Apruzese JP, Pulsifer PE, Davis J ef al. (1998) K-shell
radiation physics in the ultrahigh optical depth pinches
of the Z generator. Phys Plasmas 5:4476-4483

4. Artsimovich LA, Andrianov AM, Bazilevskaya OA et al.
(1957) An investigation of high current pulsed discharges.
J Nucl Energy 4:203-204

5. Bernard A, Bruzzone H, Choi P et al. (1998) Scientific status
of plasma focus research. J] Moscow Phys Soc 8:93-170

6. Calamy H (ed) (2012) Proc of the 8th Int Conf Dense Z-
-Pinches, 5-9 June 2011, Biarritz, France. AIP CP, Mel-
ville, New York (in print)



Important issues in high-current plasma experiments of the Z-pinch type 23

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Calamy H, Lassalle F, Loyen A et al. (2008) Use of micro-
second current prepulse for dramatic improvements of
wire array Z-pinch implosion. Phys Plasmas 15:012701
Cuneo ME, Vesey RA, Porter JL et al. (2002) Double
Z-pinch Hohlraum drive with excellent temperature bal-
ance for symmetric inertial confinement fusion capsule
implosions. Phys Rev Lett 88:215004

Deeney C, Douglas MR, Spielman RB et al. (1998)
Enhancement of X-ray power from a Z-pinch using
nested-wire arrays. Phys Rev Lett 81:4883-4886

Emrich RJ, Wheeler DB (1958) Wall effects in shock tube
flow. Phys Fluids 1:14-23

Favre M, Wyndham E, Lenero AM et al. (2008) Ex-
perimental observation in compact capillary discharges.
Plasma Sources Sci Technol 17:024011 (7 pp)

Gardner JW (1957) Pinched discharges and thermo-
nuclear reactions. Nuovo Cimento 10:1228-1229
Haines MG, Lebedev SV, Chittenden JP et al. (2000)
The past, present, and future of Z pinches. Phys Plasmas
7:1672-1680

Haines MG, Sanford TWL, Smirnov VP (2005) Wire-
-array Z-pinch: a powerful X-ray source for ICE. Plasma
Phys Control Fusion 47:B1-B12

Ibbotson TP, Bourgeois N, Rowlands-Rees TP et al.
(2010) Laser-wakefield acceleration of electron beams in
a low density plasma channel. Phys Rev ST Accel Beams
13:031301 (4 pp)

Ivanov VYV, Sotnikov VI, Haboub A et al. (2008) Mitiga-
tion of the plasma implosion inhomogeneity in star-like
wire-array Z-pinches. Phys Rev Lett 100:02504

Jones B, Ampleford DJ, Vesey RA et al. (2010) Planar
wire-array Z-pinch implosion dynamics and X-ray scaling
at multiple-MA drive currents for a compact multisource
Hohlraum configuration. Phys Rev Lett 104:125001 (4 pp)
Jones B, Deeney C, Coverdale CA et al. (2006) K-shell
radiation physics in low-to moderate-atomic-number
Z-pinch plasmas on the Z accelerator. J Quant Spectrosc
Radiat Transf 99:341-348

Kadomtsev BB (1966) Hydromagnetic stability of a
plasma. Rev Plasma Phys 2:153-199

Kolacek K, Prukner V, Schmidt J et al. (2009) Exploding
wire in water as a potential source of amolified EUV
radiation. AIP CP 1088:164-167

Krakowski RA, Sethian JD, Hagenson RL (1989) The
high-density Z-pinch as a pulsed fusion neutron source
for fusion nuclear technology and materials testing. J
Fusion Energy 8:269-286

Kubes P, Korolev VD, Bakshaev YuL et al. (2008) Neu-
tron emission during the implosion of a wire array onto
a deuterated fiber. Plasma Phys Rep 34:52-59

Kubes P, Paduch M, Pisarczyk T et al. (2009) Interfero-
metric study of pinch phase in Plasma-Focus discharge
at the time of neutron production. IEEE Trans Plasma
Sci 37: 2191-2196

Kubes P, Paduch M, Pisarczyk T et al. (2010) Trans-for-
mation of the pinched column at a period of the neutron
production. IEEE Trans Plasma Sci 38:672-679

Kubes P, Paduch M, Pisarczyk T et al. (2011) Spontane-
ous transformation in the pinched column of the plasma
focus. IEEE Trans Plasma Sci 39:562-568

Kwiatkowski R, Skladnik-Sadowska E, Malinowski K et al.
(2011) Measurements of electron and ion beams emitted
from PF-1000 device in upstream and downstream direc-
tion. Nukleonika 56;2:119-123

Lassalle IF, Loyen A, Georges A et al. (2008) Status of the
Sphinx machine based on microsecond LTD technology.
IEEE Trans Plasma Sci 36:370-377

Lebedev SV, Ciardi A, Ampleford DJ et al. (2005) Mag-
netic tower outflows from a radial wire array Z-pinch.
Mon Not R Astron Soc 361:97-108

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Leontovich MA, Osovets SM (1957) On the mechanism
of current constriction in high-current gas discharges. J
Nucl Energy 4:209-212

Lerner EJ, Krupakar-Murali S, Shannon DM, Blake AM,
Roessel FV (2011) Fusion reaction scaling in a mega-amp
dense plasma focus. In: Proc Workshop and Expert Meet-
ing ICDMP, 16-17 September 2011, Warsaw, Poland. CD
issue, P-9; http://www.ipplm.pl/ifpilm.pl

Levine JS, Banister JW, Failor BH et al. (2006) Implosion
dynamics and radiative characteristics of a high yield
structured gas-puff load. Phys Plasmas 13:082702
Matzen MK, Sweeney MA, Adams RG et al. (2005)
Pulsed-power-driven high energy density physics and
inertial confinement fusion research. Phys Plasmas
12:055503

Mitchell TH, Gomez JA, Suzuki FA et al. (2005)
X-ray emission from 125 pm diameter aluminium wire
X-pinches at currents of 400 kA. Plasma Sources Sci
Technol 14:501-508

Mosher D, Qi N, Krishnan M (1998) A two-level model
for K-shell radiation scaling of the imploding Z-pinch
plasma radiation source. IEEE Trans Plasma Sci
26:1052-1061

Nebel RA, Lewis HR, Hammel JE et al. (1987) Multi-
dimensional MHD simulations of dense Z-pinch fibers.
Bull Am Phys Soc 32:1758-1759

Pereira NR, Rostoker N, Pearlman JS (1984) Z-pinch insta-
bility with distributed current. J Appl Phys 55:704-707
Pikuz SA, Shelkovenko TA, Chandler KM et al. (2004)
X-ray spectroscopy for high energy-density X-pinch
density and temperature measurements. Rev Sci Instrum
75:3666-3671

Ribe FL (1975) Fusion reactor systems. Rev Modern
Phys 47:7-41

Rocca JJ (1999) Table-top soft X-ray lasers. Rev Sci
Instrum 70:3799-3828

Sadowski M, Herold H, Schmidt H, Shakhatre M (1984)
Filamentary structure of the pinch in plasma focus dis-
charges. Phys Lett A 105:117-123

Sadowski MJ, Malinowska A, Malinowski K et al. (2010)
Measurements of fusion-protons anisotropy around the
pinch axis within high-current PF-1000 experiments. In:
Proc of Plasma Diagnostics, 12-16 April 2010, Pont-a-
Mousson, France. CD issue, P-58; https://roquefort.nancy-
universite.fr/CONGRES/DOCUMENT/prooral.zip
Sadowski MJ, Scholz M (2008) The main issues of re-
search on dense magnetized plasmas in PF discharge.
Plasma Sources Sci Technol 17:02400

Sadowski MJ, Scholz M (2010) Highlights of dense mag-
netized plasma research in Poland. Probl Atom Sci Tech,
6, Series: Plasma Phys 16:194-198

Sawyer GA, Scott PL, Stratten TF (1959) Experimental
demonstration of hydromagnetic waves in an ionized gas.
Phys Fluids 2:47-52

Scholz M, Karpinski L, Paduch M et al. (2000) Results of
recent experiments with PF-1000 facility equipped with
new large electrodes. Czech J Phys 50;S3:179-184
Sethian JD, Robson AE, Gerber KA, DeSilva AW (1987)
Enhanced stability and neutron production in a dense
Z-pinch plasma formed from a frozen deuterium fiber.
Phys Rev Lett 59:892-895

Shelkovenko TA, Pikuz SA, Cahill AD et al. (2010)
Hybrid X-pinch with conical electrodes. Phys Plasmas
17:112707 (5 pp)

Shelkovenko TA, Pikuz SA, McBride RD et al. (2009)
Nested multilayered X-pinches for generators with
megaampere current level. Phys Plasmas 16:050702 (4 pp)
Shelkovenko TA, Pikuz SA, Mingaleev AR et al. (2008)
Accelerated electrons and hard X-ray emission from
X-pinches. Plasma Phys Rep 34:754-770



24

M. J. Sadowski, M. Scholz

50.

51.

52.

53.

54.

Shishlov AV, Baksht RB, Chaikovsky SA et al. (2007) Gas-
-puff-on-wire-array Z-pinch experiments on the GIT-12
generator at microsecond implosion times. IEEE Trans
Plasma Sci 35:592-600

Sinars DB, Lemke RW, Cuneo ME et al. (2008) Radiation
energetics of ICF-relevant wire-array Z pinches. Phys
Rev Lett 100:145002

Sinars DB, Pikuz SA, Douglass JD ef al. (2008) Bright
spots in 1 MA X pinches as a function of wire number
and material. Phys Plasmas 15:092703
Skladnik-Sadowska E, Sadowski MJ, Czaus K et al. (2010)
Recent studies of the ion emission from high-current PF-
-1000 experiments. Probl Atom Sci Tech, 6, Series: Plasma
Phys 16:199-201

Slutz SA, Herrmann MC, Vesey RA et al. (2010) Pulsed-
-power-driven cylindrical liner implosions of laser pre-

55.

56.

57.

58.

59.

heated fuel magnetized with an axial field. Phys Plasmas
17:056303 (15 pp)

Soto L, Pavez C, Moreno J et al. (2008) Dense transient
pinches and pulsed power technology; research and
applications using medium and small devices. Phys Scr
T131:014031

Spielman RB, Deeney C, Chandler GA et al. (1998)
Tungsten wire-array Z-pinch experiments at 200 TW and
2 MJ. Phys Plasmas 5:2105-2111

Vandenplas PE (1998) Reflections on the past and future
of fusion and plasma physics research. Plasma Phys Con-
trol Fusion 40:A77-A85

Vandevender JB (1985) Light-ion beams for inertial
confinement fusion. Nucl Fusion 25:1373-1382

Yu EP, Oliver BV, Sinars DB et al. (2007) Steady-state
radiation ablation in the wire-array Z-pinch. Phys Plas-
mas 14:022705



