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Abstract

This doctoral thesis is devoted to the experimental research on the megaampere
PF-1000 plasma focus at the Institute of Plasma Physics and Laser Microfusion in
Warsaw. The plasma foci are pulsed-power high-current discharge devices in which
the hot dense plasma is formed. The plasma focus discharge is compressed by the
pinch effect. In the pinched plasma an acceleration of charged particles to relatively
high energies occurs. Using deuterium as the working gas, DD nuclear fusion reac-
tions are achieved and intensive neutron pulses are emitted. Notwithstanding that
the plasma focus research began in the 1960s, many fundamental principles of the
particle acceleration have not been fully explained. The modern diagnostics meth-
ods with a high spatial and temporal resolution could help with the explanation of
these principles and shift the knowledge in the hot dense plasma physics.

In this thesis, results from the experiments with novel configurations of the elec-
trode system (anode gas-puff and anode cone) are presented. In this experiments,
the plasma probing by 16-frame optical interferometer, 4-frame fast soft x-ray mi-
crochannel plate camera, and hard x-ray and neutron diagnostics are used to evaluate
the plasma dynamics, electron densities, and other plasma-characterizing parame-
ters. At the shots with the anode gas-puff numerous organized long-lived plasma
structures of a fiber or ball form are observed. Such plasma structures have not
been observed earlier in the classical plasma focus experiments. As far as the exper-
iments with the anode cone are concerned, using such an electrode configuration,
an significant increase in the neutron yield was reached. By the experimental data,
the general plasma characterizing parameters, which could help with a further the-

oretical considerations, are approximated.

Keywords: Plasma focus, plasma diagnostics, interferometric diagnostics



Abstrakt

Tato doktorska prace je vénovana experimentdlnimu vyzkumu na megaampérovém
plasmatickém fokusu PF-1000 v Institutu fyziky plazmatu a laserové mikrosyntézy
ve Varsavé. Plasmatické fokusy jsou impulsni silnoproudd vybojova zatizeni, ve
kterych dochéazi ke vzniku horkého hustého plazmatu. V plazmatickém fokusu je
vyuzivano pincového jevu, ktery silové pusobi na vyboj a stlacuje ho. Ve stlaceném
plazmatu dochézi k urychlovani nabitych ¢éstic na pomérné vysoké energie. Pokud
je jako pracovni plyn pouzito deuterium, nastavaji v horkém hustém plazmatu
DD jaderné fuzni reakce, které produkuji intenzivni neutronové impulzy. Pfestoze
vyzkum plazmatickych fokusu zacal jiz v 60. létech 20. stoleti, fada zakladnich
mechanizmu, které vedou k urychlovani castic, neni stale plné vysvétlena. Moderni
diagnostické nastroje s vysokym prostorovym a ¢asovym rozliSenim mohou pomoci
tyto mechanizmy vysvétlit a posunout poznani v oblasti fyziky horkého hustého
plazmatu.

V této doktorské prace jsou prezentovany vysledky experimentii s novymi kon-
figuracemi elektrod (anoda s plynovou tryskou — tzv. gas-puffem a anodovym
kuzelem). V téchto experimentech je dynamika plazmatu, elektronové hustota a
dalsi parametry charakterizujici plazma studovana pomoci 16-ti snimkového inter-
ferometru, 4-snimkové rychlé Roentgenové kamery s mikrokanalovou destickou a
scintila¢nich detektoru tvrdého Roentgenova zareni a neutronu. Ve vystielech s an-
odovym gas-puffem byly pozorovany c¢etné kulové a vlaknovité struktury s dlouhou
dobou zivota, jaké nebyly drive, pii klasickych experimentech, pozorovany. Co se
tyce experimentu s anodovym kuzelem, ve srovnani s klasickou plochou anodou doslo
k vyznamnému navysSeni neutronového zisku. Experimentalni data umoznila urceni

obecnych parametru charakterizujicich plazma, pro navazujici teoretické uvahy.

Klicova slova: Plazmaticky fokus, diagnostika plazmatu, interferometrie
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Chapter 1
Introduction

This doctoral thesis deals with the experimental fundamental research of plasma in
megaampere-current discharges on plasma foci. Plasma foci are pulsed power devices
in which the plasma is compressed by so called “pinch effect”. In dependence on
the experimental settings, for such a plasma, a relatively high densities of (10?3 —
10%") m~3 and temperatures 100 eV —4 keV, are typical [1]. Therefore, this plasma is
usually categorized as the hot dense plasma. As far as the lifetime of this hot dense
plasma is concerned, it could vary from several ns, on fast devices, up to several us,
on long-pulse devices.

The plasma focus experiments are usually closely related to the fundamental
plasma physics research, nuclear fusion research, laboratory astrophysics, develop-
ment of neutron sources, and material engineering.

The experiments presented in this thesis are performed on the PF-1000 plasma
focus device in the Institute of Plasma Physics and Laser Microfusion in Warsaw.

The PF-1000 device with the maximum load current of above 2 MA, maximum
stored electrical energy of above 1 MJ, and rise-time of about 5 ps is currently the
largest plasma focus device in the European Union and one of the largest plasma

focus devices in the world.

21



22 CHAPTER 1. INTRODUCTION

1.1 Goals of Thesis

The main goal of this thesis is to characterize the dynamic hot dense plasma in the
PF-1000 plasma focus experiments using 16-frame optical interferometer, 4-frame
microchannel plate soft x-ray camera, and neutron and hard x-ray diagnostics. Using
the interferometry and microchannel plate camera, it is possible to investigate the
plasma structures and dynamics. The interferometry methods also allows the eval-
uation of the spatial distribution of electron density. Knowing the plasma dynamics
and electron density distributions, it is possible to approximate various fundamental
plasma characterizing parameters which could be used to further theoretical consid-
erations and plasma scaling, for example in laboratory astrophysics.

In this thesis, the emphasis was put on the organized plasma structures, espe-
cially the ball-like structures which have been observed in the experiments with the

dynamic gas injecting into the plasma focus, so called “gas-puft”.

1.2 Structure of Thesis

Structure of this thesis is as follows. The plasma focus device is introduced in chapter
2 Plasma focus devices. In this thesis, the brief history of plasma focus research,
principle of plasma focus, and the state of the art and applications are presented.

In chapter 3 Apparatus and diagnostics we found the description of PF-1000
device and experimental diagnostics used in the experiments reported in this thesis.
This chapter includes description and parameters of the pulsed power generator and
electrode system of the PF-1000 device, description and arrangement of the scintil-
lation detectors, silver activation neutron counters, microchannel plate camera, and
optical interferometer.

In the following chapters, the individual experimental setups, results, and par-
ticular conclusions are presented. Chapter 4 Experiments with deuterium gas filling
is devoted to the classical plasma focus experiments. Chapter 5 Experiments with
central electrode gas-puff describes the plasma focus experiments with the dynamic
gas injecting from the central anode. Chapter 6 Experiments with central electrode
cone presents the recent experiments in which the central anode was extended by a
cone placed in the z-axis.

The overall results summary and approximation of the general parameters of the
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plasma is discussed in chapter 7.

In the conclusions in chapter 8, we found recapitulation of the most interesting
results, perspective of the pinched plasma research, and future prospects.

Authors personal contribution to the experiments is reported in appendix A, list
of the author’s papers and conference contributions is presented in appendix B and
appendix C, respectively. Appendix D includes list of the author’s internships with
an active experimental contribution.

As far as the units are concerned, in this thesis the SI units are used. For
practical reasons, in some equations, units with metric prefixes are considered e.g.

cm, keV, etc. In all such cases the units are specified.



Chapter 2
Plasma Focus Devices

Plasma focus is a pulsed power device in which an electric discharge occurs in a gas.
The gas pressure is typically tens or hundreds of pascals. Current of the discharge
could achieve from tens of kA up to several MA at the maximum of the pulse. Such
relatively high current generates a magnetic field which accelerates and compress
the discharge plasma. The plasma could be compressed up to density on the order
of 10%® m™2 and heated up to temperature on the order of keV [2]. In such a high-
density and high-temperature plasma, electrons and ions are accelerated by various
mechanisms. Such a plasma is a source of characteristic radiation in ultraviolet
(UV) and soft x-ray (SXR) spectral region. At the same time, hard x-rays (HXR)
are generated by interactions of the accelerated electrons with the electrode system
and other hardware close to the discharge. Similarly, the accelerated ions could
generate other kinds of radiation. For example interactions of accelerated deuterons
with a deuterium plasma or deuterated solid target could lead to neutron emission

by the D(d,n)*He nuclear fusion reaction.

2.1 Brief History of Plasma Foci

Historically, the plasma foci are connected with the nuclear fusion research. In the
late 1940s, it was founded, that in the deuterium discharges with current of about
a hundred kiloamperes, the DD nuclear reactions occurs. It seemed that is possible
to relatively easily achieve a thermonuclear source of energy using a pulsed power
gas discharge device [3]. Therefore, in the 1950s, the high-current pulsed discharges

were intensively investigated in many world-class laboratories, especially in USA and

24



2.1. BRIEF HISTORY OF PLASMA FOCI 25

USSR [3, 4]. In the early 1960s, Nikolai V. Filippov! in USSR and independently
Joseph W. Mather in USA invented the plasma focus device [5, 6]. For illustration,
photo of Nikolai V. Filippov with his plasma focus device is displayed in fig. 2.1.

The plasma foci seemed to be more efficient source of the deuterium fusion (DD)

Figure 2.1: Nikolai Vasilievich Filippov with his plasma focus device in Kurchatov

Institute of Atomic Energy, Moscow, Russia [7].

neutrons than other pulsed discharge devices, therefore they were also promising
candidate to the nuclear fusion source of energy?. During 1970s, many experiments
on plasma foci with discharge currents above 1 MA were performed in Los Alamos
National Laboratories in USA and in Limeil Laboratories in France [8, 9]. The DD
neutron yield per single experimental shot Y, was significantly increasing with the

discharge current I. At the currents bellow 2 MA, the neutron yield scaling power

1To the invention of the plasma focus significantly contribute also Tatiana I. Filippova [5].
2Most of the DD reactions are not achieved by the thermonuclear processes but by beam-target

mechanism [4].
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law up to Y, o I* was experimentally found [10]. Later, in 1980s, the experiments on
PF-360 device in Swierk and Poseidon device in Stuttgart led to suspicion that at the
higher currents, the neutron yield could be saturated [11, 12]. However, since at the
currents 1-2 MA the neutron yields achieve relatively high values 10'°—10'*, they are
very efficient and cheap pulsed neutron sources [9, 10, 11, 13, 14]. Currently, plasma
foci found application in many research fields, for example, in fundamental plasma
physics and nuclear fusion research [15, 16], laboratory astrophysics [17, 18], material
research [19, 20], radiobiology [21], development of portable neutron sources [34] and
many others [10]. The current state of the plasma focus research and applications

are presented in the following section.

2.2 Plasma focus principle

The plasma foci are pulsed power dicharge devices with a current from several 10
kA to several MA. Such a high current is achieved using a capacitor bank or Marx
generator (for example at the SPEED-2 or Hawk devices [27, 28]). The capacitor
bank is more simple and most common type of plasma focus generator. In such a
case, the generator is composed of high-voltage capacitors which are connected in
parallel. Charging voltage ranges between 10-100 kV in dependence on the used ca-
pacitors and on the experimental setup. The electrical energy stored in the capacitor
bank varies between few of kJ, at small desktop devices, and few of MJ at the large
plasma focus facilities (for example 2.8 MJ at the PF-3 device [29]). To deliver the
energy from the capacitors to the electrode system, where the gas discharge occurs,
fast electrical switching (> 100kA /us) must be used. Usually, the fast switching is
achieved using gas spark-gaps. However, sometimes we can meet solid-state switch-
ing using tyristors or other semiconductor switching elements [8, 9, 23].

As far as the electrode system is concerned, it is composed by an inner cylin-
drical electrode (usually anode) and several cathode rods placed on a circle which
is concentric with the cathode, see fig. 2.2. The electrode system is usually made
of copper or stainless steel, but we can meet also tungsten electrodes or beryllium
electrodes [16]. In fig. 2.2 we can see two designs of plasma focus which are different
in a ratio of diameter and length of the electrode system. These two designs are
named by their inventors: Mather-type (fig. 2.2(a)) and Filippov-type (fig. 2.2(b)).

In the case of the Mather-type, the ratio is usually bellow 0.25 and an inner electrode
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diameter is between 2 — 22 cm [13]. In the case of the Filippov-type, the ratio is
greater than 5 and the diameter of the inner electrode is typically between 50 — 250
cm [13]. We note, that the Mather type is the more common case of the plasma

focus.
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a) Mather-type b) Filippov-type

Figure 2.2: Plasma focus electrode systems: (a) Mather-type, (b) Filippov-type [22]

In the both types of plasma plasma focus, the anode and cathode are separated
by an cylindrical insulator which is usually made of Al,O3 or borosilicate glass
2, 13]. Whole electrode system is placed in the vacuum chamber. In the vacuum
chamber is reached a high vacuum (usually of about 1073 Pa) to avoid influence of
air residues on the discharge. After that, the vacuum chamber is filled by a working
gas, for example hydrogen, deuterium, neon, etc. A pressure of the gas is usually
on the order of (10" — 10?) Pa.

The plasma focus discharge could be divided into several phases.
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I. Breakdown phase

The discharge begin after the trigger of the capacitor battery switching. If the initial
gas pressure is optimized in accordance with the Pashen law, applying the voltage
pulse between the anode and cathode, the sliding discharge is developed along the
cylindrical insulator [13]. After some time (50-500) ns, the conductance of the sliding
discharge becomes high enough for the discharge to convert into a plasma sheath

[13].

I1. Axial acceleration phase

The discharge current is growing and formed plasma sheath is accelerated by the
Ampere force in axial direction towards to the end of the electrode system. During
the propagation, the plasma sheath, as a “magnetic piston”, sweeps the working gas
and increase its mass. Dynamics of the plasma sheath can be described by the two-
dimensional snowplough model [2, 30]. A duration of the plasma sheath propagation
from the beginning to the end of the electrode system is usually a few ps. However,
we can meet also fast plasma foci, like SPEED-2, with radial acceleration time below
400 ns [25]. A velocity of the accelerated plasma sheath reaches (10* — 10°) m/s in
the case of Mather-type [2]. We should note that the plasma sheath is not a thin

and dense plasma, but rather relatively broad and diffuse structure [13].

III. Radial acceleration phase

When the plasma sheath exceed the end of the electrode system (see fig. 2.2), an
umbrella-shaped structure is formed above the anode. For better clarity, the exper-

imental image of such a plasma umbrella-shaped structure is displayed in fig. 2.3.

The current flowing from the anode generates a magnetic field. Consequently,
the plasma sheath is accelerated by the Ampere force and an implosion occurs. The

force acting on the plasma element of length dl is
dF = Idl x B, (2.1)

where B is the magnetic field. This compression is called “pinch effect”. The

situation is displayed in fig. 2.4. The implosion velocity is typically on the order
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Figure 2.3: Schlieren image of the umbrella-shaped plasma during the radial implo-

sion at the shot on the PFZ-200 [Author’s experimental data].

of 10° m/s. The dimensions of the plasma focus electrodes should be designed so

that the discharge current is near the maximum when the plasma sheath reaches

VAN
1

maximum of the implosion.

Figure 2.4: The pinch effect.
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IV. Stagnation phase

The stagnation phase is the most interesting phase of the plasma focus discharge.
This is the final phase of the plasma implosion, when a radius of the plasma column
is close to the plasma focus z-axis. An universal radius of the imploded plasma
which defines the stagnation phase does not exist. The minimum radius to which
the plasma could be compressed is (1 — 10) mm and a length of the pinched plasma
(pinch) is typically (1 —10) cm. Both the discharge minimum radius and the length
are dependent on the working gas nature, pressure, current, rise time, dimensions
of the electrode system etc. As far as the plasma temperature and density are
concerned, they reaches up to the order of keV and 10 m™3, respectively [2, 13].
A duration of this phase is typically on the order of ns or tens of ns.

Such a plasma could be an efficient source of soft x-ray pulses®. The SXRs are
dominantly produced by a line and recombination radiation. For example, in a
case of plasma focus neon discharge, the efficiency of conversion of electrical energy
into characteristic SXRs is on the order of percents [32]. Obviously, in the case of
hydrogen or deuterium, the SXRs are produced only by bremsstrahlung and the
SXR yield is much lower than in the case of heavier gases.

In the stagnation phase, a very important role play instabilities. We distinguish
between symmetric (m=0) and asymmetric (m=1) instabilities*. The asymmetric
instabilities (also called kink instabilities) are undesirable. The significant symmet-
ric instabilities are usually associated with a “bad shot” due to, for example, inho-
mogeneous insulator breakdown, impure or damaged insulator, impure or damaged
electrode system, inhomogeneous electric energy distribution from the pulsed power
generator, etc. In contrast, the symmetric instabilities (also called sausage instabil-
ity) accompany every plasma focus discharge and if the discharge is not stabilized
by an external magnetic filed, the symmetrical instabilities lead to the disruption of
the pinch. During the pinch disruption a high electric field is generated and charged
particle acceleration up to energies on the order of hundreds of keV occurs. We
note that the detail principles of charged particle acceleration during the instability

disruptions are still not explained.

3In accordance with the classification in [33], we consider soft x-rays (SXR) as photons with

energy (0.5-10) keV. However, in some literature a different energy range of SXRs could be found.
4The instability mode m represents a dimensionless parameter in the Kruskal-Shafranov Sta-

bility limit [31].
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The accelerated electrons which strike anode or some other metal causes emission
of bremsstrahlung. A photon energy of the bremsstrahlung could exceeds 0.5 MeV
2, 13].

As far as the accelerated ions are concerned, in deuterium plasma, collisions of
accelerated deuterons could lead to the deuterium-deuterium (DD) nuclear fusion
reactions [6]. In such a case, two reactions with almost the same probability occur:
D(d,n)*He (E, = 3.27 MeV) reaction accompanied by neutron emission and D(d,p)T
(E, = 4.03 MeV) reaction leading to proton emission. The released energy is divided
between the formed nucleon and ejectile particle (2.45 MeV to neutron and 3.02 MeV
to proton). We note that in the laboratory system, the ejectile particle energy is
depended on the angle of emission and on the projectile particle energy.

The radiation and particle emission and other features of the plasma during the
stagnation phase are the main subject of many plasma focus experiment. The state
of the art and plasma focus research and applications are presented in the next
section.

The physics of the pinched plasma and stagnation phase is precisely described
in [38, 39, 40].

2.3 State of the Art and Applications

The plasma foci are experimental devices and it is still impossible to found any
plasma focus as a commercial product. However, some of the possible applications
seems to be promising. At the same time the plasma focus fundamental research
without commercial application is also very important and interesting. In this sec-

tion, selected plasma focus experiments and applications are presented.

2.3.1 Material Research

Currently, the very often application of plasma foci is the material research. In
the modern technologies, a materials which withstand an extreme plasma and ra-
diation exposure are necessary. The typical representative of such technologies is
development of plasma-facing materials for tokamaks and stellarators, especially for
international projects ITER, Wendelstein 7-X, etc. In such a research, the plasma

focus could be used as a source of plasma, fast electrons, or fast ions for testing of
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material samples. We can mention a few interesting examples.

)

Figure 2.5: Scanning electron microscope images of irradiated double forged tung-
sten (DFW) samples. (a, b, ¢, and d) samples irradiated by 100 pulses on the PF-12
device, (e) sample irradiated by 4 pulses on the PF-1000 device, and (f) sample
irradiated by 2 pulses on the PF-1000 device. [41].

In cooperation of the Czech Academy of Sciences (CAS) and Institute of Plasma
Physics and Laser Microfusion (IPPLM) in Warsaw, the compact high-repetitive
PF-6 (6 kJ, 0.4 MA) with shot rate up to 10 Hz [37] and large single-shot PF-1000
(1 MJ, 2 MA) devices were used for irradiation of dispersion strengthened (DS)
tungsten materials. In paper [20], Vilemova present testing one of the most relevant
candidates for tokamak first wall materials W-1%Y,03 and W-2.5%TiC prepared
by consolidation of powders with size of about 1 um. The samples were placed in
the distance of 8 cm from the plasma focus electrode system where a power flux is of
about 10" W/cm? with duration of about 10 ns. Consequently, structural changes
of the tested samples are investigated by scanning electron microscopy (SEM). More
in [20, 35, 36].

Similarly, in the work presented in papers [19, 41|, the double forged tungsten
(DFW) is tested by plasma exposure on PF-1000 at IPPLM, PF-12 device at the
Tallinn University (see fig. 2.5 [41]), and QSPA-50Kh device at the Institute of
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Plasma Physics of National Science Center Kharkov Institute of Physics and Tech-
nology (NSC KIPT).

As far as the Kh-50 device is concerned, it is so called quasistationary plasma
accelerator (QSPA). The QSPAs are similar to plasma foci, they are also based on
the coaxial electrode system. In contrast to common plasma foci, the electrode
system of the QSPAs are specially shaped and equipped by needle-type emitters of
electrons to achieve efficient quasistationar flow of high-temperature plasma (see fig.
2.6) [76, 77, 78]. Another significant difference between QSPAa and plasma foci is

Figure 2.6: A photography of the electrode system of the quasistationary plasma
accelerator (QSPA) [77].

the pulse duration. The typical pulse duration of the QSPAs is by two or more orders
of magnitude higher than in the case of plasma foci, to ensure quasistationarity of
the produced plasma. The pulse duration of the Kh-50 device is of about 500 ps. A
maximum current of the pulse reaches approximately 0.7 MA. Due to the long pulse
duration and relatively high current, the electrical energy stored in the capacitor
bank achieves fairly high value of 4 MJ.

As far as the material study at KIPT is concerned, the plasma—surface interaction
effects during various transient events (e.g., disruptions, Vertical displacement events
(VDEs), edge localized modes (ELMs)) connected with the nuclear fusion research
are studied also on the new QSPA-M device (0.6 MA, 250 pF, 1.4 MJ) [79, 80].
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The plasma foci and devices based on the plasma focus found application not
only in material testing, but also in thin film deposition, for example TiO, [81],
carbon film [82], tungsten nitride [83], iron [84], etc. Typically, for the material
layer deposition, plasma foci with shot repetition frequency on the order of Hz or
tens of Hz are used. Such plasma foci are usually much smaller than the single shot
devices. Their electrical energy stored in the capacitor banks is on the order of kJ
and current achieves several tens of kA or hundreds of kA.

A more detailed description of the plasmafocus application in the material re-

search is beyond the scope of this thesis.

2.3.2 Neutron Sources

The fast neutron sources are necessary both in practical application and in lab-
oratory research. As an example of practical application is a non-invasive detec-
tion of explosives, drugs and other low atomic number contraband using neutrons
[85, 86, 87, 88]. The drugs and explosives typically contain low-atomic number el-
ements as H, C, N, 0, P, S, and Cl. An interaction probability of x-rays, which
are commonly used for contraband inspections, with low-atomic number elements
is low [85]. It leads to development of many neutron-based contraband detection
techniques [85, 86, 88]. For example, Thermal neutron analysis (TNA), Fast neutron
analysis (FNA), Pulsed fast neuron analysis (PFNA), Pulsed fast neutron transmis-
sion spectroscopy (PFNTS), Associated particle imaging (API), Pulsed fast-thermal
neutron analysis (PFTNA), Fast neutron scattering analysis (FNSA), etc. [85]. We
could found more such methods in [85, 88]. A detailed description of these methods
is beyond the scope of this thesis. A possibility of usage of the plasma focus as a
neutron source for detection of explosive and illicit materials was reported in [89].

In the similar manner like the contraband detection, the neutron sources are
used in geology, planetology, and search for raw materials [90, 91].

The neutron radiation is necessary for many research activities or technological
tasks. Obviously, the neutrons are generated in nuclear fission reactors, but usu-
ally it is inconvenient or impossible to use the nuclear fission reactor. Therefore,
the neutrons are also produced by the laboratory sources. The neutron sources
could be based on the spontaneous fission. The common such source is 2°2Cf, how-

ever, it is very expensive (hundreds of thousands €[92]) and its half-life is 2.65
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Figure 2.7: A system PINS (Portable Isotopic Neutron Spectroscopy) for identifica-

tion of munition and chemical weapons used by US army [88].

years only. The widespread sources are also the sources based on (a,n) reactions,
typically 2! Am-Be, or 23*Pu-Be. Their half-lifes of 433 years and 24 000 years,
respectively are significantly longer than the half-life of the 252Cf, but their costs
are also higher. Moreover, it is not possible to simply “switch-off” these radioiso-
topic sources and a safe storage and ecological liquidation are complicated. Another
possibility is to use sources which produce neutrons by the nuclear reactions of an
accelerated particle beam with an appropriate target. For example, often used re-
actions are D(d,n)*He, “Be(d,n), "Li(p,n), etc. Such an approach is close to the
mechanism of neutron production on Z-pinches and plasma foci with deuterium or
deuterated liners. The significant difference between the neutron radiation produced
by the accelerator neutron source and Z-pinch or plasma foci is that the accelerator
source usually produces the neutrons continuously whereas the Z-pinch is inherently
a pulsed device. However, in such relatively short neutron pulse, the Z-pinch is
able to generate tremendous amount of the D(d,n)*He neutrons (3.9 x 10'3 during
tens of nanoseconds [93]). The short and very intensive neutron fluxes are required
for many laboratory purposes. For example, it could be used for the study of the
multiple neutron capture reactions which are known as the r-processes. Another
laboratory application which requires the intensive neutron pulse is the production

of isotopes with a high radioactivity and a short half-life. In such a case, the irra-
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diation of a material sample should not be longer than the half-life of the produced
isotope, since the decay during the irradiation limits the maximum radioactivity of
the sample. The short and intensive neutron pulses generated by Z-pinches allow
obtaining the radioisotopes with a practically unlimited half-life (assuming that the
neutron pulse duration is on the order of nanoseconds)®. In practice, it could be

6. As far as the long-duration

used for example in the neutron activation analysis
neutron production is concerned, we note that some Z-pinch modifications, namely
small plasma foci with a peak current up to 100 kA could operate in a repetition
regime with a frequency up to 10 Hz and produce the neutron bursts continuously
[10].

As an example of the repetitive plasma focus neutron source we could mention
the PF-6 device with an energy of 6 kJ developed by The Institute of Plasma Physics
and Laser Microfusion (IPPLM) in co—operation with the Moscow Physical Society
(MPS) [37]. The PF-6 device produces current pulses with current of about 370 kA
and shot repetition rate up to 10 Hz [37]. The neutron yield of the PF-6 device
achieves 10® neutrons per single shot [37]. Another mobile and high-repetition rate
plasma focus with similar parameters we found also in ENEAT7 in Italy. Even higher
shot repetition rate of 100 Hz was achieved on a portable plasma focus developed
by Alameda Applied Sciences Corporation (AASC) [43]. Other examples of small
high-repetition rate plasma foci neutron sources can be found all over the world
[44, 45, 46].

A substantially different group of plasma focus neutron sources are single shot
devices. Whereas the high-repetition shot rate plasma foci are often compact and
portable devices, the single shot plasma foci are usually larger, they could occupy
whole laboratory or a large part of building. Naturally, their electrical parameters

and neutron yield per single shot are significantly higher. We note, that the single

5The production of radioisotopes with a very short half-life on Z-pinches could be achieved also

by the interaction of the pulsed ion beams with a material sample.
SThe neutron activation analysis lies in the activation of a sample and subsequently the ra-

dioisotopic content is determined by the gamma-ray analysis. The original chemical content is
evaluated by the known nuclear reactions, their cross-sections and natural isotopic content of the
chemical elements. The advantage of this method is that it is nondestructive. Thus, it is often

used for analysis of works of art and historical artifacts.
“"The Agenzia nazionale per le nuove tecnologie, I'energia e lo sviluppo economico sostenibile

(Ttalian National Agency for New Technologies, Energy and Sustainable Economic Development)
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(b)

Figure 2.8: (a) Monte Carlo N-Particle transport code (MCNP) simulation of a
neutron flux of the neutron-diagnosed subcritical experiment (NDSE) [52]. (b) A
photography of the static NDSE target in front of the concrete shielding with ports

for the neutron irradiation by the plasma focus and gamma ray detector [52].

shot plasma foci are more common (classical) and most of plasma focus research
programs are specialized on the single shot devices. There are various motivations
of the single shot plasma focus experiments. Since the mechanism of the neutron
production is still not fully clarified, it is studied at many mega ampere-class facilities
like PF-1000 [47], PF-360 [48], SPEED 2 [49], FF-1 [50], HAWK DPF [51], etc. A
single shot plasma focus device could serve also as an external neutron source for the
neutron diagnosed subcritical experiment (NDSE) [52]. The NDSE makes possible
to study the nuclear fission under conditions like those at a nuclear explosion, but
without the explosion [52]. This topic is very actual due to the international full-
scale nuclear test ban treaty [52, 53, 54]. The principle of such NDSE is as follows.
A special nuclear material (SNM) target is exposed to the intensive burst of multi-
MeV neutrons produced by the plasma focus device. This external neutron burst
induce fission chain events in the SNM target and neutron multiplication occurs.
At the same time the fission gamma rays are generated. A modern diagnostic
techniques make possible to detect both neutrons and gamma rays with nanosecond

time resolution [55, 56]. Using time-of-flight and coincidence methods it is possible
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to distinguish neutron population and gamma rays originated in plasma focus and
SNM and evaluate the reactivity and other neutronic properties of the SNM [55, 56].
As far as the SNM target is concerned, it is made from fissile material, usually
highly enriched uranium, or plutonium. The SNM target could be represented
by static or dynamic device which implodes by an act of detonation of standard
explosive (e.g. TNT). An example of the plasma focus static NDSE tests performed
by the Los Alamos National Laboratory (LANL) at the Nevada National Security
Site (NNSS) is presented in [55] and [56]. For illustration, see fig. 2.8 [52]. In
these experiments, two kinds of SNM targets based on highly enriched uranium
encapsulated in aluminum and polyethylene were tested. The SNM was placed in
the downstream direction 3 m away of the Sodium device. The Sodium device is
a 2-MA, 350-kJ plasma focus newly developed by National Security Technologies
(NSTec). Since in the NDSE tests the neutron pulse should be as short as possible,
unlike the classical plasmafocus, an additional cathode was placed on the z-axis in
the distance of about 4 cm from the cathode [55]. By experiments and simulations, it
was found that such a limited pinch region reduces the typical neutron pulse length
by avoiding the formation of multiple pinches [55]. Using a deuterium-tritium gas
mixture, the yield of DT neutrons with the energy of about 14 MeV exceeds 10'?
per single pulse with the FWHM bellow 100 ns [55, 56]. The detailed description of

the diagnostics system and experimental results is beyond the scope of this thesis.

Another very actual application of plasma foci is the flash neutron radiography
with high spatial resolution and short exposure time. A notable development of the
neutron flash radiography techniques using the Gemini device is presented in [59].
The Gemini device is a plasma focus developed by the NSTec with 1 MJ of the
stored electrical energy and the maximum current of 3 MA (see fig. 2.9) [57, 58].
Using a deuterium gas filling, a yield of 2.45 MeV DD neutrons reaches the order of
10'*. The neutron radiography image of the tungsten block was converted into the
visible light by BC-400 plastic scintillatior. With a help of SMIX Ultra High Speed
Framing Camera [61], a sequence of 16 neutron radiography images of a tungsten
block was acquired [59]. The exposure time of the individual images was 5 ns and the
images were separated by intervals of 10 ns [59]. Such a flash neutron radiography
technique seems to be promised for probing of high-density dynamic systems, for
example implosions of uranium [60]. Moreover, in the plasma focus NDSE tests,

the probing neutrons can be produced by the same plasma focus used to cause the
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Figure 2.9: The Gemini plasma focus: stored electrical energy of 1 MJ, current pulse

maximum of 3 MA, DD neutron yield above 10'? per single shot [57].

fission [59].

2.3.3 Laboratory Astrophysics

Various phenomena which occur in the astrophysical plasma could be simulated
using high energy density experimental devices like high power lasers [62, 63|, z-
pinches [62], plasma foci [64, 66, 65], etc. Notwithstanding that the laboratory
scales are very different in comparison with real astrophysical system, it is possible
to perform valid experiments. If the certain similarity conditions are fulfilled the
scaling factors could be found [62, 67]. Then the physics of scaled experiment is
analogical to the physics of the investigated astrophysical system [67].

Such an approach can be used, for example, for study of physics of the supernova
explosions and remnants [62, 63, 67], accretion disks around black holes and neutron
stars [62], giant planet interiors [68], astrophysical jets [64, 66, 65, 69], and others
(62, 70].

As far as the astrophysical jets are concerned, we found them at the young stars,
galactic nuclei, microquasars, pulsars, etc. [64, 69] Simulations of the astrophysical

jests and plasma flows play an important role in the research program on plasma
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foci. The pinch evolution lead to generation of the plasma jet along the z-axis of
the electrode system. The plasma jet parameters, like temperature, density, motion
velocity, etc., are depended on the experimental setup (working gas, pinch current,
initial pressure etc.). For illustration, the formation of the plasma jet on the PF-
1000 device is displayed in fig. 2.10. These pinhole-MCP?® images are collected from
six individual shots with a neon working gas with initial pressure of 200 Pa, charging
voltage of 23 kV, and current maximum of 1.7-1.9 MA [Author’s experimental data).

The times in fig. 2.10 are related to the current derivative dip. The first two frames
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Figure 2.10: Formation of the neon plasma jet front at the PF-1000 with initial
working gas pressure of 200 Pa, charging voltage of 23 kV, and current maximum

of 1.7-1.9 MA [Author’s experimental data]. The times are related to the maximum

of the soft x-ray pulse measured by PIN diode.

at the times of -290 ns and -145 ns show implosion during the radial acceleration

phase. In the frame at the time of -60 ns, we can see a weak beginning of the

8The pinhole camera is based on the gated micro channel plate (MCP) with a nanosecond time

resolution which is sensitive the radiation with a wavelength of 0.1-200 nm
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formation of the plasma jet front. In the following images at the times 90 ns and
120 ns, the plasma jet front is well visible. In the last image at the time of 230 ns,
the dimensions of the plasma jet front are already above the field of vision.

As an important example of a study of the astrophysical plasma jets on the
plasma foci, we mention a research on the PF-3 device with the Filippov-type elec-
trode system at National Research Center Kurchatov Institute (NRC KI) in Moscow.
The PF-3 is one of the world-largest plasma focus devices with a pulsed power gen-
erator composed of capacitor battery with a total capacitance of 9.2 mF. Charging
the capacitors to the voltage of 25 kV, the stored electrical energy achieves 2.8 MJ
[65] and the load current could achieve up to 4 MA with a rise time of about 10 ps
[65]. For an illustration, we can see the PF-3 device in fig. 2.11. The PF-3 device
is equipped with a special drift chamber which allowed one to measure the plasma
jet and surrounding plasma parameters at the distances of up to 100 cm from the

anode forehead [64, 66]. As far as the plasma jet parameters are concerned, the

Figure 2.11: The PF-3 Filippov-type plasma focus National Research Center Kur-

chatov Institute in Moscow, Russian Federation [65].

density is up to 102 m~3, the electron and ion temperature achieves 1-5 eV, the
plasma jet motion velocity is approximately 5 x 10* m/s, and frozen-in magnetic
is typically 10-100 mT [64, 66]. Using a comprehensive diagnostics system which
includes high-speed optical recorders [64, 66], time-resolved spectroscopic system

[71, 72], multi-channel magnetic probes [66, 73], and others are used for study of the
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plasma jet formation, collimation, stability and other features. Based on the results
from experiments on the PF-3 device, the mathematical models of the astrophysical
jets are formulated [69, 74].

Another example of the study of astrophysical plasma jets using a large plasma
focus is the research on the KPF-4-Phoenix device at the Sukhum Physical Technical
Institute. In contrast with the PF-3, the KPF-4-Phoenix is the Mather-type plasma
focus. Notwithstanding that the maximal allowed charging voltage of the KPF-4-
Phoenix is 50 kV, the experiments are usually performed at the charging voltage of
18-20 kV. In such a case, the electrical energy stored in the capacitor bank achieves
230-290 kJ and the current pulse maximum reaches 1.5-2 MA in approximately 7 us
(17, 75].

2.3.4 Pinched Plasma Fundamental Research

Besides that the z-pinch and plasma foci research began approximately 60 years
ago, many physical phenomena still have not been explained. From the current
fundamental research interests we could mention the following examples. (I) Study
of the plasma shocks. The shocks are studied for example on the MAGPIE facility
(1 MA, 240 ns) at the Imperial College in London [94] or on the COBRA genera-
tor (1 MA, 200 ns) at the Cornel University in New York [95]. (II) Study of the
instabilities. An experimental investigation of the pinched plasma instability on
the COBRA generator is presented in [95, 96]. The plasma instabilities are also
studied on the biggest Z-pinch in the world at the Z-machine (11.4 MJ, 26 MA,
100 ns) in Sandia National Laboratories in Albuquerque [97, 98] in the frame of the
MagLIF project [99]. For illustration, the Z-machine is displayed in fig. 2.12(a)
and an instability of the MagLIF load without application of the external magnetic
field is shown in fig. 2.12(b) [97]. (III) Study of the mechanisms of accelerations of
charged particles to MeV energies. At the Z-pinch and plasma focus devices, it was
observed that the electron and ion energy significantly exceeds the energy which is
possible to explain by currently known physical models. For example, earlier, on
the POSEIDON plasma focus in Stuttgart with generator output voltage of 60 kV,
ions with energy up to 6 MeV were detected [11]. Recently, ions with energy on
the order of tens of MeV were detected at the deuterium gas-puff experiments on
the GIT-12 generator (2.6 MJ, 5 MA, 1.7 us) with the output volatge of 600 kV
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Z72390: CR=3.3, =3117.9 ns

Figure 2.12: (a) Z-machine in Sandia National Laboratories in Albuquerque, New
Mexico: stored electrical energy of 11.4 MJ maximum current of 26 MJ, and rise
time 100 ns [99]. (b) An instability of the MagLIF load without the application of
the external magnetic field [97].

[100, 101, 102]. An interpretation of these experimental data and a possible explana-
tion is presented in [103, 104]. The theoretical models explaining such accelerations
to MeV energies on the Hawk plasma focus (220 kJ, 0.7 MA, 640 kV, 1.2 ps) in
Naval Research Laboratories (NRL) are presented in [105]. However, to fully explain
this acceleration phenomena the current and magnetic field distribution, dynamic
of instabilities, plasma conductivity and other pinched plasma features must be in-
vestigated in more detail. This thesis is devoted to the study of these fundamental
pinched plasma features on the PF-1000 plasma focus.

At the end of this section, we should mention, that we could found much more
applications and research interests then is reported in this thesis. A brief overview

of selected plasma focus and z-pinch devices is in the next section.

2.4 Plasma Foci and Z-Pinches in the World

We can find many plasma foci and Z-pinch generators in laboratories all over the
world. By far, not all devices and experiments are described in the sections above.
To have an overview about the plasma focus devices in the world, the basic param-

eters and institution affiliation of selected devices are summarized in tab. 2.1. As
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mentioned above, the significant pinched plasma research is carried on the Z-pinch
devices. Therefore, the overview of the Z-pinches is reported in tab. 2.2. Photos of

some of the experimental devices from 2.1 and 2.2 are shown in fig. 2.13.

L LU ,,'/’ y| | bt L : \ - ‘;” \ : 9, 21\
| \ o 74 £ I R e/ | ‘Q: ! LA
(a) PF-24, IFJ PAN, Krakow, Poland (b) Hawk, NRL, Washington D.C., USA

(f) Hermes-Ill, SNL Albuqueque, USA

Figure 2.13: Photos of selected plasma focus and z-pinch generators [138, 139, 140,
141, 142].
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Device Energy | Current | Voltage | Rise time Institution Country References
Name [MJ] [MA] MV] [ns]

7R Device 22 2 6 100 SNL, Albuquerque USA [112, 114, 115]
Shiva Star 9.4 12 0.12 3000 AFRL, Kirtland USA [116]
Julong T (PTS) 7.2 10 6 90 I[FP, Mianyang China [117, 118]
GIT-12 5 6 0.84 1740 [HCE, Tomsk Russia [113]
SPHINX 1.8 6 NA 1000 Centre d’Etudes, Gramat France [119, 120]
Hermes-I11 1.6 0.7 22 40 SNL, Albuquerque USA [121]
Angara 5 1.5 4 1.5 70 TRINITI, Troitsk Russia [122]
Saturn 1.4 10 1.9 40 SNL, Albuquerque USA [123]
Mercury 0.36 0.36 6 50 NRL, Washington D.C. USA [124]
MIG 0.35 2.7 6 100 IHCE, Tomsk Russia [125]
MAGPIE 0.34 1.8 2.4 200 Imperial College, London United Kingdom [126]
Ambiorix 0.30 2.4 1.2 50 CEA CESTA, Le Barp France [127]
Qiang-Guang-I | 0.30 2.3 1.2 70 IFP, Mianyang China [128]
Gamble II 0.23 1.3 6.8 50 NRL, Washington D.C. USA [129]
Zebra 0.2 1.2 2 100 University of Nevada, Reno USA (130, 131]
Cobra 0.11 1 NA 100 Cornell University, Ithaca USA [132]
CQ-4 0.11 4 0.09 470 [FP, Mianyang China [133]
CQ-3 0.08 3 0.09 470 [FP, Mianyang China [134]
GIT-32 0.02 1.3 0.08 500 Weizmann Institute, Rechovot Israel [135, 136]
MAIZE 0.02 1 NA 100 University of Michigan USA [137]

Table 2.2: Parameters of selected Z-pinch generators.




Chapter 3

Apparatus and Diagnostics

3.1 PF-1000 Device

The PF-1000 device is the Mather-type plasma focus at the Institute of Plasma
Physics and Laser Microfusion (IPPLM). Examining tab. 2.1 in section 2.4 we can
see that PF-1000 is one of the largest plasma focus devices in the world. The PF-
1000 device could be divided into two parts: pulsed power generator and electrode

system.

3.1.1 Pulsed Power Generator

The pulsed power battery is represented by large capacitor bank composed of 12
identical modules (see fig. 3.1). Each module contain 24 low-inductance capacitors
with a capacity of 4.6 uF and maximum voltage of 50 kV. Each capacitor is equipped
by dry-air three-electrode spark-gap. Triggering the spark-gaps, all capacitors are
connected in parallel and the stored energy is delivered to the transmission lines.
The total electrical capacity of such a parallel combination of 288 capacitors is 1.32
mF. As far as the transmission lines are concerned, each of the 12 modules is coupled
with 24 coaxial lines which deliver the electrical energy to the electrode system. The
maximum electrical energy which could be delivered to the electrode system is of
about 1.06 MJ according to 40 kV charging of the capacitors. The maximum short-
circuit current of the generator achieves 15 MA. The maximum current which could
be reached using the experimental load is approximately 2.5 MA with a rise time

(quarter period) of about 5.4 ps. The basic electrical parameters of pulsed power

47
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generator of the PF-1000 device are summarized in tab. 3.1.

Total capacitance 1.32 mF
Total inductance 8.9 nH
Characteristic impedance 2.6 m{2
Charging voltage 16 - 40 kV
Stored electrical energy 168 - 1056 kJ
Maximum short circuit current 15 MA
Maximum load current 2.5 MA
Rise time (quarter period) 5.4 us

Table 3.1: Parameters of pulsed power generator of the PF-1000 device.

Figure 3.1: One of the 12 modules of the capacitor bank of the PF-1000 pulsed

power generator.

3.1.2 Electrode system

The coaxial electrode system with the Mather-type geometry contains a central
anode with a diameter of 23 ¢cm and a cathode composed of 12 rods with a diameter
of 8.2 cm distributed symmetrically around the anode on a diameter of 40 cm.
A length of the coaxial electrode system is 48 cm. The electrode system is placed
in a large cylindrical vacuum chamber with a diameter of 140 cm and length of 250
cm. The parameters of PF-1000 electrode system are summarized in tab. 3.2. A

photo of the electrode system and vacuum chamber is displayed in fig. 3.2.
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Anode diameter 23 cm
Cathode diameter 40 cm
Number of cathode rods 12

Cathode rod diameter 8.2 cm
Anode length 48 cm
Cathode length 48 cm

Table 3.2: Electrode system of the PF-1000 device.

(a) Electrode system (b) Vacuum chamber

Figure 3.2: Electrode system and vacuum chamber of the PF-1000 device.

3.2 Experimental Diagnostics

On the PF-1000 device an extensive diagnostics system including several kinds of
neutron, x-ray, and ion detectors, fast 2D imaging systems, and laser interferometry
is established. For this thesis, the most important diagnostics are neutron time-of-
flight detectors, silver activation neutron detectors, MCP x-ray pinhole camera, and
Mach—Zehnder optical interferometer. Therefore this diagnostics is described in the

following subsections.

3.2.1 Neutron Time-of-Flight Detectors

The neutron time-of-flight (nToF) detectors used in experiments on the PF-1000
device are based on the plastic scintillators Saint Gobain BC-408 made of polyvinyl-
toluene with a density of 1.032 g/cm? [143]. The scintillators are of cylindrical shape
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with 4.5 cm in diameter and a length of 5 cm. The scintillators produce pulses of
the visible light with a wavelength of 425 nm [143]. A FWHM of the light pulses is

of about 2.5 ns. Properties of the BC-408 scintillators are summarized in tab. 3.3.

Material Polyvinyltoluene
Density 1.032 g/cm?
Shape cylinder
Diameter 4.5 cm
Length 5 cm
Light pulse rise time 0.9 ns
Light pulse decay 2.1 ns
Light pulse FWHM 2.5 ns
Wavelength of max. light emission 425 nm

Table 3.3: Properties of the scintillator BC-408 [143].

The light pulses produced by the scintillator are detected by the photomultiplier
tube (PMT) assembly Hamamatsu H1949-51 with the bialkali photocathode with
an effective diameter of 4.6 cm and 12 dynode stages [144]. Since the maximum of
the PMT sensitivity is at the wavelength of 420 nm, the PMT is suitable for the
operation in a combination with the BC-408 scintillator. As far as the time response
of the PMT is concerned, the anode pulse rise time is of about 1.3 ns. Parameters
of the used PMT Hamamatsu H1949-51 are summarized in tab. 3.4.

Photocathode material Bialkali
Diameter of photocathode effective area 4.6 cm
Window material Borosilicate glass
Spectral range (300 - 650) nm
Wavelength of Maximum Response 420 nm
Dynode structure 12 stages
Anode pulse rise time 1.3 ns

Table 3.4: Parameters of the photomultiplier assembly Hamamatsu H1949-51 [144].

To minimize an interference of the nToF detectors by scattered neutrons, a paraf-
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fin shielding is used. In order to increase the detection dynamic range, the detector
output is split into two identical signals using passive signal splitter. Such split de-
tector output is connected to the two oscilloscope inputs with a different sensitivity.
For this purpose, digital storage oscilloscope Tektronix TDS-3054 with a 500 MHz
bandwidth and 10-bit A/D convertor is used. Whole system of detector and data
acquisition is placed in the Faraday screening cage. A scheme of the nToF detector

and data acquisition system is displayed in fig. 3.3.

Faraday cage

Adjustable battery
high-voltage
power supply

5cm ___Photomultiplier tube assembly H1949-51

s

A

e L
S |Poamator] | Photomultiplier tube R1828-01 .
< N N N N N

\ — — — — —

| Paraffin shielding_;

Passive

ch1 signal
splitter

o o o
o o o
(ONOXO)
Oscilloscope TDS 3054

Figure 3.3: Scheme of the time-of-flight detector system.

Features of such nToF diagnostics was thoroughly tested and reported in Klir’s
paper [145]. A total time resolution of the nToF detection system is 5.5 ns [145]. As
far as the dependence of the detection efficiency on the neutron energy is concerned,
in the range of considered neutron energies (1.8 - 3.1) MeV, the changes in the
detection efficiency are negligible [145]. Photo of the used nToF detector is displayed
in fig. 3.4.

In the experiments on the PF-1000 reported in this thesis, three nToF detectors
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(a) Front side (b) Rear side

Figure 3.4: Photography of the neutron time-of-flight detector.

in the downstream, radial, and upstream directions are used. Each nToF detector
is placed at the distance of 7 meters from the pinched plasma. Arrangement of the
nToF detectors is shown in fig. 3.5. Using the time of flight methods, it is possible
transform the time resolved signal of the nToF detectors into the neutron spectrum
(146, 147, 148, 149]. Assuming that the duration of the neutron emission is much
shorter than the time of flight of neutrons from their source to the detector, the
neutron energy spectrum could be evaluated by formula
A (T —t)° 1
n(E,) m, S’

f(E,) = s(1,d) (3.1)

where FE, is a neutron energy, s(7,d) is a signal of the detector in the distance
d at a detection time 7, A is the PMT sensitivity, n is a scintillator detection
efficiency, ¢y is a time of the neutron emission, m, is the neutron mass, and S is
a detection (scintillator) surface. Such approach is so-called “basic time-of-flight
method”. If the neutron emission is longer than the neutron time of flight to the
detector, or if time resolved neutron spectrum is needed, it is possible to use the
“extended neutron time-of-flight method”. The extended time of flight employes
several detectors and the neutron spectrum is reconstructed using numeric Monte
Carlo methods [146, 147]. This method was also established in the experiments on
the PF-1000 device [148, 149].
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nToF 1 PF-1000 device nToF 3
Upstream p— Downstream
7m 7m

nToF 2
Radial
7m

Figure 3.5: Arrangement of the neutron time-of-flight detectors.

3.2.2 Silver Activation Neutron Counters

Neutron yield (number of produced neutrons per single experimental shot) is useful
quantitative and qualitative parameter, since it carry an information about the
number of reached fusion reactions.

The nToF detectors allow us to evaluate an energy spectrum of a short neutron
pulse. However, it is complicated to estimate a total neutron yield by the nToF
detectors. An established diagnostic instrument for measurement of neutron yield

of pulsed neutron sources is the silver activation counter (SAC).

supply
Silver 300 V S
foil —
\ 5 ° =
n
Q
N
GM Tube ¢ ” » Interface
Polyethylene Capacitor
moderator _
Trigger

Figure 3.6: Block scheme of the silver activation neutron counter.
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A block scheme of the SAC is displayed in fig. 3.6. Principle of neutron detection
by the SAC is as follows. Fast DD neutrons with the energy of about 2.45 MeV
are moderated by a massive block of polyethylene. Inside the polyethylene block,
the Geiger—Miiller tube is placed. The Geiger-Miiller tube is enveloped by the
natural silver foil. The natural silver is composed of two stable isotopes: '97Ag
with an abundance of about 52% and ®Ag with an abundance of about 48%. The

moderated neutrons induces neutron radiative capture reactions
7Ag(n,v) Ag (Ty /o = 142.95) —'% Cd + B~ (97.2%) (3.2)

and
"9Ag(n,y) "Ag (T2 = 24.65) —'"0 Cd + B~ (99.7%). (3.3)

Total cross-sections of the reactions (3.2) and (3.3) are shown in fig. 3.7. Examining
fig. 3.7, it is obvious, that the total cross-sections of the reactions (3.2) and (3.3)
are much higher at the lower neutron energies than the energy of DD neutrons (of

about 2.45 MeV). Therefore the polyethylene moderator is used. Products of the
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Figure 3.7: The total cross-sections of the radiative neutron capture reactions of

natural silver isotopes

neutron capture reactions °*Cd and %Cd are unstable isotopes with the half-lifes
of 142.9 s and 24.6 s, respectively [150]. The $~ radiation of the unstable products
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is detected by the Geiger—Miiller (GM) tube. A number of counts of the GM tube

is given by formula

P P
CSAC — Kl)\_ (ef)\ltl _ e*Al(t1+At)) + KQ)\_ (e*A2t1 _ ef)\z(tﬁrAt)) + CB7 (34)
1 2

where K7 and Ky are calibration coefficients, ¢; is the start of the counting and At
is a duration of the counting, \; and A, are decay constants of the ®Ag and " Ag
isotopes, and Cpg is number of counts caused by a background radiation. The SAC
is calibrated in-situ using the ?*!Am-Be neutron source with the exactly defined
number of emitted neutrons per second. Output pulses of the Geiger—Miiller tube

are counted using a computer.

3.2.3 MCP X-ray Pinhole Camera

In order to obtain the time resolved images in the extreme ultraviolet (EUV) and soft
X-ray (SXR) region, a pinhole camera (camera obscura) with gated microchannel
plate is used. The arrangement of the MCP pinhole camera is shown in fig. 3.8. The
microchannel plate is split into 4 independent segments. Using 2 x 2 pinhole matrix,
the hot plasma is projected to each MCP segment. The ZnS luminophore of the MCP
emits green visible light which is detected by the CCD camera. Parameters of the
MCP are reported in tab. 3.5. A time resolution of the MCP x-ray pinhole camera

Photocathode material Gold
Usable diameter 5.2 cm
Spectral range 0.1 - 200 nm
MCP channel diameter 12 pm
MCP chanel to channel distance 16 pm
Luminophore /nS
Output light wavelength 520 nm (Green)

Table 3.5: Parameters of the microchannel plate.

is given by the high-voltage power supply pulse. A full width of half maximum
(FWHM) of the high voltage pulse is about 5 ns. Supplying each MCP segment by

the high-voltage pulse in a different time we obtain a time sequence of 4 images in
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(a) Top view

(b) Front view &- '

Figure 3.8: A scheme of MCP X-ray pinhole camera.

the photon energy region from 6 eV to 12 keV (UV and SXRs). In our case, the Z-
pinch (plasma focus) plasma with the temperature of 0.1-1 keV, could significantly
emit UV and SXRs with the mentioned energies by line radiation, recombination

radiation, and bremsstrahlung.

The line radiation (bound-bound transition) is emission of a photon with the
exactly defined energy which corresponds with a transition of an electron from an

upper level to a lower level of some atom or ion.

The recombination radiation (free-bound transition) occurs when a free electron
is captured by an ion and transits into a bound state. The difference between
the original electron energy and energy of the bound state is radiated by photon.
Spectrum of the recombination radiation is continuous with the edges given by the

bound state energies. Power of the recombination radiation could be calculated by
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equation [1]

P=1.69 x 102N VT, Y {ZQN(Z) (E;ZS_I)}  [W/em®],  (3.5)

e

where N, is the electron density, T, is the electron temperature, N(Z) is the density
of of ions with the charge state Z, EZ~! is binding energy of outer electron, and the
sum is over all ionization states [1].

The bremsstrahlung (free-free transition) is emitted when an electron is deceler-
ated in the electric field of a collision nucleus. The energy loosed by the electron is
converted into the electromagnetic radiation. Obviously, since the electron loses its
energy continually, the bremsstrahlung energy spectrum is also continuous. A radi-
ation power of bremsstrahlung from the hydrogen-like plasma is given by formula
[1]

Py =169 x 1072 N\/T, Y [2°N(2)], [W/em?], (3.6)

where N, is the electron density, 7, is the electron temperature, Z is the charge
state, and the sum is over all ionization states [1].

Thus, using the MCP X-ray pinhole camera we could obtain the time resolved
visualization of plasma regions with a higher temperature, and/or a higher density,
and/or admixtures with a higher atomic number.

The radiative processes in plasmas are described in more detail in [151].

3.2.4 Laser Interferometry

Interferometry is one of the most precise non-invasive methods how to measure the
electron density of a hot plasma electron with the high spatial and time resolu-
tion. The interferometric measurement is fundamental diagnostic instrument in the

experiments on the PF-1000 device. Therefore, it is described in more detail.

Interferometry method

If w frequency of an electromagnetic wave is higher than w, electron plasma frequency
or if n. electron density of plasma is lower than n,. critical electron density [154]

QEOme

: (3.7)

Ne < Nee = W
62

where g is the permittivity of vacuum, m, is the electron rest mass, and e is the

charge of electron, the electromagnetic wave propagates through the plasma with
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the refractive index N approximated by formula [154]

2

1w, e

Nalo= g
2w " 8m2epc?m,’

(3.8)
where c is the light velocity and A is the electromagnetic wave wavelength. In the op-
tical range, it allows to measure an electron density approximately (10%° —10%6) m—3
by various interferometer designs. In experiments on the PF-1000 device, the in-
terferometer system is based on the optical Mach-Zehnder interferometer. Principle

of the Mach-Zehnder interferometer is shown in fig. 3.9. A laser! beam is split

Reference beam
(Reference arm)
50%
mirror

100%
mirror

Detector

100%

mirror 0%

mirror

Probing beam Probed object
(Probing arm) (plasma)

Figure 3.9: Principe of the optical Mach-Zehnder interferometer.

into two arms by the mirror with a reflectivity of 50%?2. The first arm (probing)
pass through the probed object which is the hot plasma in our case. The second
arm (reference) goes outside the plasma. Subsequently, the probing and reference
beams are directed to a photo detector (e.g. CCD, photographic film, etc.) where
the interference of the beams is detected. Evidently, the reference arm wave U,.()

could be described by formula

)~ Do i (1= 2]} o9

'In principle, it is possible to use a non-coherent light like in the case of the first Mach-Zehnder

interferometers in the end of the 19th century. However, it is simpler and more practical to use

laser. Therefore, nowadays laser is used in almost all optical interferometers.
2Usually mirrors with a reflectivity of 50% are used, but we can meet also interferometers which

use splitter mirros with different reflectivity
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where U, is an amplitude of the reference wave, w is a wave angular velocity, X, is
a length of the reference arm (distance from the laser source to the detector), and ¢

is the light velocity. Similarly, we can describe the probing arm wave

U,(t) = Uyg exp {z [ (t X Ja V@2~ 1] dx)] } , (3.10)

c Cc

where Uy is an amplitude of the probing wave, X, is a length of the reference arm,
A is a point where the probing beam enters the plasma, B is a point in which the
probing beam leaves the plasma, and N(x,y, z) is a refractive index of the plasma
in the point (z,y, z). A phase of the reference wave we substitute as

or=w (t - &> (3.11)

C

and a phase of the probing wave as

(,Op:‘A)(t_&_fA [N(xayaz)_l]d'T) (312>

C C

The superposition of the probing and the reference beam on the detector gives sum
[153]
Us(t) = Upgexp {iv, } + Uy exp {iv,} (3.13)

The photodetectors are sensitive to the light intensity
I =UxUs, (3.14)

where Uy is the complex conjugate wave. By the combination of equations (3.13)

and (3.14) we obtain expression [153]
I = (Uppexp {ip,} + Upexp {ipy}) (Urpexp {—ip, } + Uppexp {—ip,}) .  (3.15)
After mathematical modifications, the equation (3.15) could be expressed as [153]
I = U+ Uy + UpgUpo [exp {i(or — @)} + exp {=i(0r — @)} (3.16)
Using the Euler’s formula we obtain [153]
I =UZ + Uy + 2U,oUpg cos(ior — o). (3.17)

after an inverse substitution of (3.11) and (3.12) we obtain [153]

B
I =Ujy + U2+ 2U,Upy cos (—%XT + %Xp + %/A [N(z,y,z) —1] dx) . (3.18)
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Figure 3.10: Interference of the probing and reference beams. (a) Visualization of
the angle 8 between the probing and reference laser beam incoming to the detector
plane. (b) Dependence of the interference image intensity on y-coordinate - forming
of the interference stripes. (c) Interference image without phase shifts caused by the

plasma.

In the case of the Mach-Zehnder interferometer we usually consider X, = X,. Ex-
pressing w/c as 2w/ where A is the laser wavelength, the equation (3.18) becomes

to

or B
I = Ujy + U2 + 2U,Upy cos (Tﬂ/ [N(z,y,z) — 1] dm) . (3.19)
A

Thus, the intensity of the light in the photodetector plane (y, z) is depended on the
phase shift 27 /A ff [N(x,y,z) — 1] dz. However, since the cosine function is even
function, we are not able to distinguish between the positive and negative time shift.
Therefore, in practice, the reference wave arrives to the detector plane (y, z) with
a different angle than the probing wave. Thus, considering that the wave vector k,
of the probing wave is perpendicular to the detector plane (y, z) it forms an angle
[ with the wave vector k, of the reference wave. This situation is displayed in fig.
3.10. If the vectors k, and k, lie, for example in the plane (y, =), difference of phases
of the incoming reference wave and probing wave is shifted by 27y sin(3)/A or, for a
small 3, the phase shift could be approximated as 2my5/A. Consequently, the light

intensity in the detector plane (y, z) is also depended on the y-coordinate. Thus,
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the intensity of the laser light in the detector plane (y, z) is [153]

9 B
I = U2+ Ul + 2U,oUpy cos (; {y sin B + / [N(z,y,2) — 1] dx}) . (3.20)
A

If the probing wave passes through a medium with the same refractive index as
the reference wave (vacuum or air), parallel light stripes with a period given by [
and A in the detector plane are formed. If the probing wave passes through a plasma
with some N(z,y,z) different from the refractive index of the vacuum or air, the
stripes are deflected. If the signs of the derivatives 0 <ff [N(z,y,2) —1] d:(:> /Oy
and 0 (2mysin B/\) /Oy are the same, the stripes will get closer along the y-axis.
And conversely, if the signs of the derivatives are different, a distance between the
stripes will be growing [153].

As far as the practical usage of (3.20) is concerned, values of U,o(y,z) and
Upo(y, z) we could found by alternately blocking the reference and probing beams
in the interferometer and a value of 27y sin §/\ we found by an unperturbed inter-
ferogram (without plasma)[153]. Consequently we could find the phase shift caused

by the differences of the reflective index

6(y, 2) = 27” /A (N(z,y,2) — 1] dz. (3.21)

To evaluate the electron density, we use formula (3.8). Assigning values in ST units

to variables in (3.8) we obtain
N —1=-4.46 x 107 ")\*n,. (3.22)

The combination of the equations (3.21) and (3.22) gives

B

o(y, z) = —2mA4.46 x 10_16/ ne(z,y, z)dx. (3.23)
A

Since the classical interferometry with one probing beam gives only two-dimensional
projection of the probed plasma, it is impossible to determinate three-dimensional®
distribution of N(z,y, z). However, in many practical cases, like z-pinch structures,
an axial symmetry could be assumed. Thus, the refractive index is constant on a

radius r.

3To find three-dimensional distribution of N(x,y, z) is possible to use holographic interferome-

try.
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Probing beam

Probing beam

(@) (b)

Figure 3.11: Cross-section of the probing laser beam and probed plasma (a) in

xy-plane, (b) yz-plane.

Transforming equation (3.21) to the cylindrical coordinate system (see fig. 3.11)

we obtain
X X
oy, z) = —2mA4.46 X 10_16/ n(r, z)de = —4m A 4.46 X 10_16/ n(r, z)dz.
-X 0
(3.24)
. . . SR . r .
Substituting x = /r? — y? and dxr = —r2 — dr we obtain
by, 2) = —ATA4.46 x 10716 rne(r) g, (3.25)

v TR — 12
where R is the radius of the axisymmetric plasma. The equation (3.25) is the well-

known Abel transform of the electron density n.(r) [153, 155, 156]. Therefore, it is
possible to find n.(r) by the inverse Abel transform [153, 155, 156]

1 / Bdp(y,z) dy
27274.46 x 10716/ dy /42 — 2

The equation (3.26) could be solved by numeric methods. For practical purposes,

ne(r,z) =

(3.26)

especially for pinched plasma, could be used the following method which simplify
processing of the interferometric data [157].

If, in the point (x,y), the phase shift caused by the plasma is equal to J-multiple
of the wavelength of the probing laser, then an element of interference strip which

without influence of the plasma was in the point (z,y) is shifted by J-multiple of
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distance of the neighboring strips. Thus, substituting ¢(y, 2z) = d(y, 2) 27 in equation
(3.25) we obtain

rne(r)

§(y,z) = —214.46 x 1071 dr (3.27)

and Abel inversion

ne(r, 2) ! /R doly.z) _dy (3.28)

T 7446 x 10716 dy o —r2

is possible to numerically solve easily. A result constant from the integral in (3.28)

practically represents difference between plasma which surrounding the pinch struc-
ture. Since a density of the pinched plasma is much higher (by several orders of
magnitude) in the case of dense plasma foci and Z-pinches, the integration constant

is neglected.

16-frame Mach-Zehnder Interferometer

Laser probing system used in experiments on the PF-1000 device is based on the 16-
channel Mach-Zehnder interferometer. This world unique probing system developed
by Dr. Marian Paduch is the key plasma diagnostic instrument in experiments on
the PF-1000 device. Principle of this laser probing system is schematically shown
in fig. 3.12.

The probing pulsed beam is generated by Nd:YLF (Neodymium-doped yttrium
lithium fluoride) laser. Wavelength of this laser is 1053 nm and pulse length is less
than 1 ns. For the interferometric probing, the laser beam is converted to the second
harmonic with a wavelength of 527 nm (visible green light) with a help of KD*P
(potassium dideuterium phosphate) crystal . Energy of the pulses with the second
harmonic wavelength is about 500 mJ. The original laser beam diameter of 12 mm
is increased to 60 mm by the expander [152].

The expanded probing beam enters to the optical splitter and delay line system.
By the system of mirrors with 100% and 50% reflectivity, the original single beam is
splitted into 16 beams (see fig. 3.12). The length paths of each beam are specially
chosen to obtain delays of 10 ns and 20 ns between individual beams (absolute delays
of 0, 10, 30, 40, 60, 70, 90, 100, 120, 130, 150, 160, 180, 190, 210 and, 220 ns).

These delayed beams are expanded to the diameter of 150 mm to cover the

dimensions of the hot plasma produced by the PF-1000 device. These expanded
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beams arrive to the Mach-Zehnder interferometer where each mirror is common for
all beams. The probing beams pass through the hot plasma in front of the electrode
system and the reference beam pass outside the experimental chamber.

The interferometer output beams are directed to 4 photographic films by a beam
separator represented by a system of prisms. To avoid an irradiation of the photo-
graphic films by plasma the radiation, an interferometric filters are placed on the

outputs of the beam separator.
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Figure 3.12: Scheme of 16-frame laser probing system based on Mach-Zehnder interferometer in experiments on the PF-1000

device [152].
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Chapter 4

Experiments with Deuterium Gas

Filling

This experiments represents the typical configuration of the plasma focus exper-
iments where the standard Mather-type electrode system described in subsection
3.1.2 is used and the chamber is filled by the deuterium gas before the shot. These
shots are important to have a reference for other experiments with a gas-puff load
or a modified electrode system. For illustration, the time-integrated photo of the

discharge Nv12858 in the visible light is shown in fig. 4.1.

Figure 4.1: Time-integrate photo of the discharge Ne12858 in the visible light.

66
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4.1 Experimental Setup

Before the shot, the experimental chamber is pumped to a high vacuum of about
1072 Pa and then the chamber is filled by the deuterium gas with an absolute
pressure of 100 — 300 Pa. The capacitor battery is charged typically to the voltage
of (16 —27) kV, thus the stored electrical energy corresponded to (250 —490) kJ. In

this configuration, the discharge current varies between 1.3 and 2.5 MA.

4.2 Experimental Results

As a typical shot with the deuterium gas filling we present shot Ne8585. In this shot,
the capacitors were charged to the voltage of 25 kV and the experimental chamber
was filled by the deuterium gas with a pressure of 260 Pa. The current derivative,

PIN-diode, and scintillation ToF detector normalized signals are displayed in fig. 4.2.
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Figure 4.2: Shot Ne8585: The current derivative, PIN-diode, and scintillation ToF

detector normalized signals.
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In the fig. 4.2, the time of 0 ns correspond to the dip of the current derivative. It
occurs when the pinched plasma is heated to the maximal temperature. At this time,
the plasma is compressed to the minimal diameter before the stagnation phase when
the instabilities with less diameter could appear. Each plasma instability disruption
is accompanied by a local minimum of the current derivative. During the instability
disruption a high electric field is induced by dI/dt and dL/dt which accelerates
charged particles. The interaction of accelerated electrons with the anode generates
the bremsstrahlung (HXR) pulse with a maximum in the upstream direction and
detected by the scintillation time-of-flight detectors (we note that the signals in
fig. 4.2 are normalized). Collisions of the accelerated deuterons led to the DD nuclear
reactions and neutron emission with a maximum in the downstream direction. A

total neutron yield in this shot achieved 1.2 x 10'!.

4.2.1 Interferometric Study

Using the Interferometry method described in subsection 3.2.4 the interferograms
were converted to the two-dimensional densitograms for several times. Densitograms
of the above mentioned representative shot Ne8585, processed by the computer nu-
meric method of prof. Tadeusz Pisarczyk with a help of Dr. Tomasz Chodukowski
is displayed in fig. 4.3. We note that the axial symmetry is assumed. As we can
see in fig. 4.3, during the pinch phase from a time of -28 ns to the time of 52 ns,
the electron density on the border of the plasma column is above 10?* m~3. The
diameter of such discharge plasma column is approximately 2 cm and a length of
the plasma column grows with the time from of about 5 cm to 8 cm. The highest
electron density in the center of the plasma column exceeds 10% m=3. A diameter of
this dense region achieves about 1 — 2 cm during the maximum of the compression.

The length of this region is approximately 5 cm.
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of the plasma implosion in the shot Ne10064.
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(b) (c) (d)
-20 ns 10 ns 34 ns 64 ns

Figure 4.4: MCP pinhole camera image sequence in the SXR region of pinched
plasma in the shot Ne12609.

4.2.2 MCP Pinhole Camera Images

To obtain SXR images with a nanosecond exposition time, the gated 4-frame MCP
pinhole camera described in subsection 3.2.3 is used. The time sequence of the SXR
images of the typical shot with the deuterium gas filling Ne12609 is displayed in
fig. 4.4. In the shot N212609 the capacitor bank was charged to the voltage of 16 kV

and initial pressure of the deuterium gas was 200 Pa.

4.3 Conclusions

On the PF-1000 device, the modern plasma diagnostic techniques with the high
spatial and temporal resolution including the fast gated MCP SXR pinhole camera
and the world unique 16-frame optical interferometer are established. Using this
diagnostic techniques, it is possible to evaluate the time evolution of the electron
density distribution and plasma dynamics.

These classical plasma focus experiments with the static gas filling and the flat-
top anode can serve as the reference for the novel plasma focus configurations which

are described in the following chapters.



Chapter 5

Experiments with Central

Electrode Gas-puff

In contrast to the classical plasma-focus experiment, in which the pinched plasma
is formed only by the gas of the static filling of the experimental chamber, in the
experiments with the gas-puff the pinched plasma includes also a gas injected by a

special gas nozzle.

Figure 5.1: Arrangement of the shots with the central-electrode gas-puff. (1) Anode,
(2) Cathodes, (3) Gas-puff nozzle, (4) Gas-puff, (5) Coil of the electromagnetic valve,
(6) Poppet of the electromagnetic valve, (7) Gas-puff feed tube.
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5.1 Experimental Setup

The supersonic gas nozzle is placed in the axis of the central electrode (anode). A
shape of the nozzle is designed to achieve as low divergence of the gas-puff injection
as is possible. The plasma focus electrode system with the central electrode gas-puff

is schematically displayed in fig. 5.1.

Figure 5.2: Fast electromagnetically driven gas-puff valve. (a) Overall view of the
valve, (b) Electrode system with the valve, (c) Detailed view of the valve nozzle in

the center of anode.

The gas-puff valve is based on an poppet which is driven by the magnetic field
generated by the electric coil. The coil is supplied by a current pulse with an
amplitude up to 20 kA. The gas-puff valve is triggered usually of about 2 ms before
the trigger of the PF-1000 current generator. A pressure of the gas which is injected
by the gas-puff valve is typically on the order of hundreds of kPa.

Overall view of the used gas-puff valve is shown in fig. 5.2(a) and photo of the
electrode system with mounted valve are displayed in figs. 5.2(b) and 5.2(c).

The used gas-puff vale, developed on the Department of Physics of FEE CTU in

Prague, is described in more detain in literature [159, 160].

Using this fast valve, four gas-puff load combinations were tested: a) deuterium
gas filling and deuterium gas-puff, b) deuterium gas filling and neon gas-puff, c)

neon gas filling and deuterium gas-puff, and d) neon gas filling and neon gas-puff.
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5.2 Experimental Results

In total, 270 shots have been performed with various combinations of the gas filling
(Deuterium, Hydrogen, and Neon) at a pressure in the range from 70 Pa to 200 Pa
and gas-puff (Deuterium, Hydrogen, and Neon) at a pressure (30-200) kPa.

As the typical representative of the shots with the gas-puff, in this thesis, we
present shot Ne9881. This shot was performed with the charging voltage of 23 kV
and initial deuterium gas filling with the pressure of 200 Pa. The deuterium gas-puff
valve pressured to 300 kPa was triggered 2 ms before the PF-1000 current generator
trigger. In this shot, maximum of the discharge current achieved 2 MA. Signals of
SXRs, HXRs, neutrons in the radial direction and current temporal derivative are

shown in fig. 5.3. The zero time in the signals in fig. 5.3 correspond to the minimum

-5, +25, +55, +85, +95 ns
L~

4

Arbitrary units
[
\

//J\
Neutrons and HXRs
— SXRs
J/ Current Derivative
T

-100 0 100 200 300 400 500 600
Time [ns]

Figure 5.3: Shot Ne9881. Hard x-rays (HXRs) and neutrons measured by the ToF
detectors (red line), soft x-rays (SXRs) of measured by the PIN diode (green line),
and discharge current temporal derivative measured by the inductive coils (blue

line).

of the current derivative. Usually in this moment the maximum of the plasma
compression is assumed. We note, that the different cable lengths of detectors are
taken into account in the plotted signals in fig. 5.3.

As far as the neutron production is concerned, according to the silver activation

detectors the total neutron yield is of about 4 x 10,
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5.2.1 Interferometric study

Sequence of the interferometric images of the pinched plasma in the shot Ne9881 is

shown in fig. 5.4. For a better orientation, the times of the interferometric images

are marked in the signals in fig. 5.3. From the interferograms in fig. 5.4 the

lobule

8cm

(d)
85 ns

Figure 5.4: The interferometric images of the pinched plasma in the shot Ne9881.

distributions of the electron areal density N.(z,y) are evaluated using the method
presented in subsection 3.2.4. At the time of -5 ns the plasma column is shrinking
to the z-axis. The maximums of N.(z,y) are near the plasma column boundary.
At the moment of 25 ns (fig. 5.5(b)) the maximums of N.(z,y) on each z-level are

transported to the axis of the pinched plasma column. Radii of the pinch column
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diminishing along the whole z-axis. The zipper effect is well visible. The radii of
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Figure 5.5: Areal distribution of the electron density in the shot Ne9881.

the plasma column are slowly increasing at the lower values of z. For z = 1.5 cm
the radius of the plasma column is 8 mm at 25 ns and 9 mm at 55 ns.

At the time of 85 ns and z = 45 mm (fig. 5.5(d)) the radius of the plasma
column is still decreasing, while at z = 40 mm the radius of the column is already
increasing. Maximums of N.(x,y) started decreasing along the all z-axis.

At the moment of 95 ns (fig. 5.5(e)) maximums of N,(z,y) continue decreasing
along the all z-axis. It happens due to the dominant motion of the mass going along
the z-axis to the umbrella shape of the dense plasma sheath. Time resolved linear

electron density of plasma 7.(z) curves are shown in fig. 5.6. At the lower values
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Figure 5.6: Temporal evolution of the linear electron densities in the shot Ne9881.

of the z-axis, the linear densities decreases with the time more slowly than at the
higher values of the z-axis. Linear density decreases till the value of 8 x 10'® per cm
with z in range 1.0 - 3.4 cm at the end of the observation. It is apparent from fig.
5.5 and fig. 5.6 that the mass is transported both in the axial and radial direction.

In fig. 5.6, at the time of -5 ns, we see a small peak in z = 25 mm. This peak is
moved to z = 30 mm at the time of 25 ns and then to z = 35 mm at the time of 55 ns.
It is caused by the lobule moving along the z-axis and transporting some amount of
plasma. Here lobule is a kind of m = 0 or m = 1 instability, when the part of plasma
prolapse out of the dense column, see fig. 5.4, also lobules are described in [164]. In
this shot, the velocity of this axial motion of the lobule is about (1.5 + 0.3) x 10°
m/s (similar to the implosion velocity). The linear densities at =5 ns have higher
values than at later times. This is explained by the effect of transport of plasma
along the z-axis during its elongation.

As far as the radius in the maximum of the compression is concerned, in the
case of the deuterium gas-puff and deuterium filling, the plasma was compressed
typically to the diameter (3 —4) cm at the distance of about z = 1.5 cm during the
phase of stagnation (before formation of the instabilities). In the case of deuterium
gas-puff and deuterium filling, the electron density in this region reaches typically
(0.8 — 1.6) x 10%*m3.

In the case of deuterium initial filling and neon gas-puff, the minimum plasma
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diameter during the stagnation and electron density of the pinched plasma were
similar to the case of deuterium filling and deuterium gas-puff.

In the case of the neon initial filling and deuterium gas-puff, the plasma was
usually pinched to the diameter of about 1 cm. It is 4 times smaller diameter then
in the case of deuterium filling. Nevertheless, the electron density typically reaches
about 1 x 10**m~2, which is lower than typical electron density in the shots with
the deuterium initial filling due to the strong zippering.

Since using the interferometer we obtain images of electron density distribution in
16 different times, it is possible to calculate the plasma implosion velocity. It seems
that the implosion velocity is not significantly depended on the gas-puff configuration
and it depends mostly on the gas of initial filling and its pressure. The typical
implosion velocity in the shots with the deuterium filling with the pressure of 200
Pa is 1.5 x 10° m/s. Similar implosion velocity was reached with the neon initial
filling with the pressure of 75 Pa. For deuterons, such an velocity corresponds
to kinetic energy of about 0.25 keV. The energy of neon ions with the velocity of
1.5 x 10° m/s reaches approximately 2.5 keV, due to the tenfold higher mass in the

comparison with deuterons.

5.2.2 MCP Pinhole Camera Images

Using the central electrode deuterium gas-puff the shots are relatively well repro-
ducible. Thus, it is possible to connect images of the most sensitive frame of the
MCP from several shots and obtain the time resolved sequence in SXR and EUV
region. Such a sequence of the shots with 200 kPa initial deuterium gas filling and
150 kPa deuterium gas-puff is shown in fig. 5.7. Probably, the first think which we
observe in the images in fig. 5.7 are the sharp and bright fibers - filaments. Such
filaments have been observed only in the shots with the deuterium gas-puff and
deuterium gas filling and deuterium gas-puff and neon gas filling. An origin of these
filaments is not explained. Since due to the line emission the heavier elements emit
more EUVs and SXRs than hydrogen, we assume that the filaments are caused by
impurities in the gas-puff. It is probably remnants of atmosphere in the gas-puff
valve. However, the interesting experimental result is that these impurities do not
significantly affect the neutron yield. The average neutron yield in this configuration

is about 6 x 1019.
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Ball-like structures

10 cm

(a) Ne10076 (b) N210080 (c) Ne10077 (d) Ne10078
-66 ns 6 ns 29 ns 74 ns

(e) Ne10075 (f) Ne10074 (g) Ne10079 (h) Ne10081
109 ns 147 ns 240 ns 240 ns

Figure 5.7: UV/SXR images obtained using the MCP pinhole camera.

Analogously, the experiments with the neon gas-puff were performed. As well as
in the experiments with the deuterium gas-puff, the shot reproducibility allows us
to create the time sequence of the MCP images from several shots. For example,
the sequence of shots with the initial deuterium gas filling with the pressure of 200

Pa and neon gas-puff with a pressure of 30 kPa is shown in fig. 5.8. As expected, in

IS
o
\ & o
—
(a) Ne 10339 (b) Ne 10340 (c) Ne 10343 (d) Ne 10341
-147 ns -63 ns -16 ns 40 ns

Figure 5.8: EUV/SXR images obtained using the MCP pinhole camera.

the shots with the neon gas-puff, the MCP images are much better exposed than in
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the case of the shots with the deutrium only due to the line radiation. As we can
see in fig. 5.8 the above mentioned bright filaments have not been observed. The
reason is probably that the neon plasma emits a more intensive line radiation than
the atmosphere admixtures. Assuming that the bright signal in the MCP images in
fig. 5.8 is emitted by the neon plasma, it seems that the neon plasma is pinched to
a relatively small diameter of about 1 cm during the current derivative minimum .
At the later times, the neon plasma is pinched bellow the diameter of 1 cm and it
stay stable for tens of ns (see fig. 5.8(d)).

Surprisingly, even it seems that in the center of the pinched plasma column is
a significant amount of neon ions, the neutron yields achieved (2 — 6) x 101°. This
relatively high neutron yield is approximately two times lower in comparison with
the shots in the pure deuterium. A possible explanation of such neutron yields is

that the neon is mixed with the deuterium.
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5.2.3 Ball-like Structures

We have observed many shots with the ball-like structures which are visible on the
MCP (see fig. 5.7) and interferometric images outside of the dense column. It
was possible to observe these structures only in the shots with the deuterium gas-
puff. The larger number of the ball-like structures was observed in the shots with
(66 — 80) Pa of the initial pressure of the neon initial chamber filling and 200 Pa
of initial pressure of the deuterium filling and 150 kPa pressure of deuterium in the
gas-puff [158].

We distinguish between big and small ball-like structures which differ in their
diameter. The big ball-like structures with have a diameter of (3 — 10) mm and
small structures have a diameter of (0.7 — 3) mm. A lifetime of the small ball-like
structures is lower (from tens of ns to 150 ns) than the lifetime of the big structures
which is usually 150 — 200 ns, or more. All ball-like structures does not change their

position during their existence, but their size and shape are changed.

5.2.3.1 Evolution of Small Ball-like Structures

In this subsection two shots with the deuterium gas-puff(Ne10125 with the neon
initial filling and Ne10078 with the deuterium initial filling) with small ball-like

structures are described.

Shot Ne10125

The signals of SXRs, HXRs, neutrons and voltage are shown in fig. 5.9. The in-
terferometric frames of the evolution of the small ball-like structures are shown in
fig. 5.10. Estimation of the electron density profiles of the first structure (which is
signed as 1 in fig. 5.10) in different times are shown in fig. 5.11. Estimation of the
electron density profiles of the second structure (which is signed as 2 in fig. 5.10)
in different times are shown in fig. 5.12. The evolutions of the total number of
electrons in the ball-like structures are shown in fig. 5.13.

The occurrence of the two small ball-like structures (which is signed as 1 and 2
in fig. 5.10) were noticed at the time of -62 ns. It is 10 ns before the beginning of
the pinch stage at the time of -52 ns. These structures occurred in the region where

the imploding plasma sheet had passed.
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Figure 5.9: Signals of shot Ne10125: SXRs (black), HXRs and neutrons (blue) and
voltage (red).

The diameter of the first structure (which is signed as 1 in fig. 5.10) is about
1.2 mm at the time of -62 ns and it is well visible till the moment of -32 ns, when
the explosion of the constriction happened (fig. 5.10(b)). At that moment, the ball
diameter increased up to 1.6 mm and the number of the fringes increased from 0.7
to 1.2. Structure is visible till the moment of 38 ns. At this moment, the diameter
of the structure increased up to 3 mm and the number of fringes decreased till
approximately 0.3. The lifetime of the structure was about 100 ns.

The maximum of the electron density in the center of the first structure is ap-
proximately 3.5 x 10** m~2 (fig. 5.11) from the moment of -62 ns to -32 ns and it
decreases till 1.3 x 10** m~3 at the time of -22 ns. The electron densities are not
estimated after -22 ns because the boundaries of the structure in the interferometric
images are poorly visible. The number of the fringes of approximately 0.5 or less
causes a big inaccuracy in the electron density evaluation. The inaccuracy of the
calculations also depends on the choice of the geometric boundaries of the structures
and it is about 20%.

The value of the total number of electrons in the first structure increases from
1.1 x 10% to 2.2 x 10" to the moment of -32 ns and decreases at the time of -22 ns
till 1.2 x 10'°.

The second structure (fig. 5.10, signed as 2) achieved 1 mm of the diameter at
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Figure 5.10: Interferometric images of shot Ne10125:(a) evolution of the ball-like

structure from the beginning to the end of its existence, (b) view on the plasma

column and ball-like structure at the time of -32 ns.
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the time of -62 ns. At this moment the number of fringes is 0.7. Structure was visible
till the moment of -32 ns, when the explosion of the constriction happened. At this
moment the diameter of the structure increased up to 1.2 mm and the number of
fringes did not change. The lifetime of the structure was of about 30 ns.

The maximum of the electron density in the center of the second structure is
approximately 7.5 x 10** m=3 (fig. 5.12) at the moment of from -62 ns to -52 ns. It
decreases till 2.8 x 10?* m~3 at the end of the existence at the time of -32 ns.

The value of the total number of electrons in the second structure equals to
approximately 0.7 x 10'% at the time from -62 ns to -32 ns. The structure is too

small and it’s lifetime is too short for making statistics of the total number of

electrons.
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Figure 5.11: Shot Ne10125. The electron density profiles of the small ball-like struc-

ture, which is signed as 1 in fig. 5.10, in different times.

These structures started to decay at the moment of the explosion of the con-
striction at the time of -32 ns (fig. 5.10(b)). The decaying of the second structure
which is closer to the pinch column started earlier. The first structure continues to

decay at the later times from -2 ns to 38 ns (fig. 5.10(a)).
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Figure 5.12: Shot Ne10125. The electron density profiles of the small ball-like struc-

ture, which is signed as 2 in fig. 5.10, in different times.
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Figure 5.13: Shot Nv10125. The evolution of the total number of electrons in ball-like
structures, which is signed as 1 (black) and 2 (gray) in fig. 5.10.

Shot Ne10078

In shot Ne10078 we observed small ball-like structure (fig. 5.14) near the dense
plasma column (from -45 to 95 ns) which appeared in the region where the imploding
plasma sheet had passed. The structure has the ideal spherical symmetry from the
time of -45 ns (with the diameter of 1.4 mm) to 15 ns (with the diameter of 1.9 mm)

after which it started to transform to ellipse which is well seen at the time of 45 ns.
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Also, the surface of the expanding dense plasma column is closer to the structure
than in the earlier times. Next 50 nanoseconds from the moment of 45 ns to 95 ns
the structure gradually disappears on the backgraound of the dense plasma column.
Probably, after a time of 95 ns the structure disappeared or it is absorbed by the
expanding column of the dense plasma.

The lifetime of the structure is about 140 ns.

20 mm 20 mm 20 mm

- T T ﬂ
- ~ ‘ 45 ns 7

f ‘ il %, '- : '\ L%

-15 ns_

Figure 5.14: Shot Ne10078. Interferometric frames of the evolution of the ball-like

structure.

5.2.3.2 Evolution of Big Ball-like Structures

In this chapter three shots (Ne10122, Ne10099, and Ne10125 with the neon filling of
the chamber) with the big ball-like structures are presented.
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Shot Ne10122

The bigger ball-like structure is observed in shot Ne10122. The signals of SXR, HXR,
neutrons and voltage probe are shown in fig. 5.15. In fig. 5.16 the interferometric
and EUV frames are shown. The interferometric frames of the evolution of the
structure is shown in fig. 5.17. The electron density profiles of the structure are
shown in fig. 5.18. The evolution of the total number of electrons in ball-like
structure is shown in fig. 5.19.

The occurrence of the ball-like structures (fig. 5.17) was noticed at the time
of —90 ns. It is 40 ns before the beginning of the pinch stagnation at the time of
—50 ns. This structure occurred in the region where the imploding plasma sheet
had passed. The distance of the ball-like structure from the pinch axis, which is

estimated from EUV and interferometric frames, is approximately 47 mm.
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Figure 5.15: Shot Ne10122. Signals of SXR (black), HXR (blue, which is signed as
1), neutrons (blue, which is signed as 2) and voltage probe (red)

The diameter of the ball-like structure (fig. 5.17) is 1.9 mm at the time of -90 ns.
During next 180 ns at the time from -90 ns to 90 ns the diameter of the structure
grows up to 6 mm, the number of fringes gradually increased from 0.5 to 4.5-5 and
fringes appears in the central chaotic round field without fringes. Later, at the time
from 90 to 100 ns it is not able to determine the diameter correctly, because of

the background plasma of expanding dense plasma column. The number of fringes
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Figure 5.16: Shot Ne10122. Interferometric (a) and EUV frames (b) and detailed

picture of ball-like structure (c).

rapidly increased to almost 9. And then, during the last 20 ns the structure started
to gradually decay and the shape of the fringes transformed to more unsymmetrical
forms. The diameter continues to increase and reaches the value of about 6.2 mm.
The number of fringes started to decrease. At the time of 120 ns it seems that the

structure interacts with the expanding dense plasma column.

The maximum of the electron density in the center of the structure is approxi-
mately 2 x 10** m=3 (fig. 5.18) at the time of -30 ns. Later, at the time from —20
to 100 ns the electron density gradually increases up to 11 x 10?4 m~3. During last
20 nanoseconds of the observation, the maximum of the electron density decreased

to 6 x 10** m=3.
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The value of the total number of electrons in the structure increases from the
moment of -90 ns to 100 ns from 0.5 x 107 to 3.8 x 107 and decreases till 3.2 x 10'7
at the time of 120 ns.

We do not know the electron density in the central part exactly because of
the structure’s inner part without fringes, therefore we assumed the values of the
electron densities for this region equal to the boundary values of electron densities

of the structure. The uncertainty of that calculation is of about 20%.
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Figure 5.17: Shot Ne10122. Interferometric frames of the evolution of the ball-like

structure.
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Figure 5.18: Shot Ne10122. The electron density profiles of the ball-like structure in

different times.
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Figure 5.19: Shot Nv10122. The evolution of the total number of electrons in ball-like

structure.

Shot N210099

The signals of SXR, HXR and voltage probe are shown in fig. 5.20. In fig. 5.21, the

interferometric and EUV frames are shown. The electron density profiles in different
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times are shown in fig. 5.22.
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Figure 5.20: Shot Ne10099. Signals of SXR (black), HXR (blue, signed as 2), neu-
trons (blue, which is signed as 3, produced during first SXR pulse, and second
neutron pulse, which is signed as 4, produced during first HXR pulse, which signed
as 2) and voltage probe (red).

The interferometric pictures of the ball-like structure (fig. 5.21) were registered
during it’s decay after the time of the SXR, HXR and neutron pulses (from 166
to 376 ns).

The diameter of the structure (fig. 5.21) is 9 mm at 166 ns. At this time the
the central part of the structure is very unsymmetric. May be it is the result of
the coalescence of the two smaller structures. During next 210 ns from the time of
166 ns to 376 ns the diameter of the structure grows up to 12 mm. The number
of fringes gradually decreases from 6 to 1.5. Due to the high emission of EUV the
structures could have high temperature (fig. 5.21 at 333 ns.).

The maximum of the electron density in the center of the structure is approxi-
mately 6 x 10?* m=3 (fig. 5.22) at the time of 166 ns. At the moment of 196 ns it
increases up to 102 m=3. The diameter increased until 10 mm. Later at the tine from

196 to 376 ns electron densities gradually decrease till approximately 1.3 x 10%* m~3.

The value of the total number of electrons in the structure gradually decreases

from 4 x 107 to 2.3 x 107 from the moment of 166 ns to 376 ns.
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Figure 5.21: Shot Ne10099. Interferometric (a) and EUV frames (b) and detailed
pictures of the ball-like structure (c).

This structure could exist for such a long time, because the two ball-like struc-
tures are coalesced (fig. 5.21) without an influence of the pinching column. There is

also seen the plasma flowing through the low density plasma.



92 CHAPTER 5. EXPERIMENTS WITH CENTRAL ELECTRODE GAS-PUFF

1.0x10%°+ ——166ns
176ns
196ns
_ 8.0x10°* I 206ns
5 ——226ns
% e 236ns
% 6.0x107 1 \ —256ns
_§ i ——266ns
c e — 286ns
g 4.0x107" —296ns
3
w

Radius [mm]

Figure 5.22: Shot Ne10099. The electron density profiles at the different times.
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Figure 5.23: Shot Ne10099. The evolution of the total number of electrons in ball-like

structure.

Shot Ne10125

Some of the structures could appear in near the plasma sheet or near it. The example
is the shot Ne100125. In fig. 5.24, the interferometric and EUV frames are shown.
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The interferometric frames of the evolution of the ball-like structure are shown in
fig. 5.25.

The first ball-like structure (which is signed as 1 in fig. 5.25) in the area of
umbrella-plasma sheet was detected at the time of -152 ns (90 ns before the stag-
nation phase). The diameter of the structure is 2.1 mm. The second structure with
the diameter of 1 mm was observed at the time of -142 ns. From the time of -112 ns
to -62 ns the diameters increased to 1.8 mm and 1.1 mm for the first and the second
structure respectively. At this moment the first structure was observed out of the
area of the umbrella-plasma sheet. At the time of —52 ns, the third structure with
the diameter of 0.7 mm was observed. At the moment of 8 ns, all three structures
are out of the umbrella-plasma sheet. Their diameters are 3.1, 1.8 and 1.4 mm for
the first, the second and the third structures respectively. All these structures are
visible on the interferometric frames till the end of the observation at 58 ns. At this

moment, the diameters of the structures are 3.1, 2.7 and 1.8 mm.

During the whole time of the observation, the central part was chaotic and it
did not changed. Taking into account that there is no information about the future
evolution of structures, all of these structures could be estimated as big structures,
because they have a big diameter and a long lifetime. All three structures are seen
on the EUV frames at the moment of 12 ns, hence, all of them could have high

temperature.

50 mm 50 mm 50 mm

Figure 5.24: Shot Ne10125. Interferometric and EUV frames of the pinch column
with the ball-like structures.
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a)

Figure 5.25: Shot Ne10125. Interferometric frames of the evolution of the ball-like

structure.

5.2.4 Summary of the ball-like structure’s properties

The conclusions are summarized as follows:

1. The evolution of ball-like structures could be divided into two phases:

a) phase of increase,

b) phase of decay.

2. The ball-like structures could appear in the regions where the imploding
plasma sheet has passed or it appear without the external influence during

the stagnation phase of the plasma column.

3. During the 1st phase (30 ns - 200 ns) the diameter of the ball-like structures
increases. The number of fringes could increase from 1 to about 10. The
electron densities are above 10** m~3 and reach up to 1.1 x 10 m~3. The

total number of electrons increase and it depends on the size of each structure.
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During the 2nd phase (30 ns - 200 ns) the diameter of the ball-like structures
continues increasing. The number of fringes decreases. The electron densities

decrease and the total number of electrons decreases as well.

The mean lifetime of the ball-like structures is from several tens of nanoseconds

to 200 ns or more.

4. The velocity of the expansion of the ball-like structures is approximately
(3 —20) x 10* m/s.

5. The ball-like structures does not change their position in relation to the anode

face (in visible inaccuracy +0.3 mm).

6. The ball-like structures probably have the higher temperature, because they

were observed in EUV {frames.

7. The ball-like structures could decay during the constriction explosion of dis-
appear without the visible external influence or disappear in the expanding

dense plasma column.

The central chaotic part of the big ball-like structures without fringes is supposed
to be turbulent with the same electron density as the density of the boundary layer.

The plasma mass could flow between the ball-like structure and the surrounding
plasma.

The higher electron density and electron temperature induce the higher plasma
pressure in the ball-like structure than in the surrounding plasma. Consequently,
this higher pressure can be explained by the pinch pressure of the current flowing

around the ball-like structure.

Small Ball-like Structures

Some small ball-like structures appear in the regions where the imploding plasma
sheet has passed. In another shots with the deuterium filling in the chamber we
observed a big amount of the small ball-like structures. In that shots some of the
structures appeared without the visible external influence in low density plasma
during the stagnation phase of the dense plasma column.

During the 1st phase of the small ball-like structure evolution (30 ns - 70 ns)

the diameter increases from the value of about 1 mm to 2 mm. The number of



96 CHAPTER 5. EXPERIMENTS WITH CENTRAL ELECTRODE GAS-PUFF

fringes could increase from about 1 to 1.5. The maximums of electron densities is

3. The total number of electrons increase up to

approximately (3 — 8) x 10?* m~
approximately 2 x 10 and it depends on the size of each structure.

During the 2nd phase (30 ns - 70 ns) the diameter increases up to the value
of 3 mm. The number of fringes decreases. The maximums of electron densities
decreases and the total number of electrons decreases too.

The mean lifetime of the ball-like structure is from several tens of nanoseconds
to 150 ns.

These structures could decay during the pinched plasma constriction explosion,

without external influence or in the stagnating pinch column.

Big Ball-like Structures

The big ball-like structures could appear in the regions where the imploding plasma
sheet has passed. During 1st phase of the big ball-like structure evolution (100 ns -
200 ns) the diameter increases from the value of (1 - 2) mm up to (6 - 9) mm. The
number of fringes could increase from 0.5 to 9 - 10 until the central chaotic part be
filled by fringes. The maximums of electron densities increase up to approximately
(5 —11) x 10** m~3. The total number of electrons increase up to approximately
4 x 10'7 and it depends on the size of each structure.

During 2nd phase (100 ns - 200 ns) the diameter could increase up to the value
of 6 - 12 mm. The number of fringes decrease. The maximums of electron densities
also decrease. The total number of electrons decreases too.

The mean lifetime of the big ball-like structure is (150 - 200) ns or more.

The plasma mass could flow between the ball-like structure and the dense plasma
column or to the low density plasma in the surrounding area, which we observe in
shot Ne10078, when the structure transformed to ellipse at 45 ns (fig. 5.14), or in
shot Ne10122 at the time of 100 ns, when the total number of electrons decreased
after the structure started to be influenced by expanding pinch column (fig. 5.17),
or in shot Nv10099, when the plasma mass flows to the surrounding area (fig. 5.21).

There was able to calculate the mean velocity of radius enlargement of the struc-
tures and it was approximately (3 — 20) x 10 m/s. The big ball-like structures could
decay in the dense pinch column (fig. 5.16) or disappear without the external influ-
ence (fig. 5.21).



5.3. CONCLUSIONS 97

5.3 Conclusions

The plasma focus experiments with the deuterium gas filling and deuterium gas-pulff,
deuterium gas filling and neon gas-puff, neon gas filling and deuterium gas-puff, and
neon gas filling and neon gas-puff were performed. In these experiments, various
combinations of the initial gas filling pressure and gas-puff pressure were tested.

The plasma was investigated by optical 16-frame interferometer, gated EUV/SXR
MCP pinhole camera, SXR PIN diodes, scintillation HXR and neutron ToF detec-
tors, and silver activation neutron counters.

The axial and radial transport of the mass in the plasma column were evaluated,
radial plasma mass moving is demonstrated and velocities of transporting of plasma
mass along the z-axis were investigated.

Using the interferometric and MCP diagnostics we observed, that the gas-puff
discharges are more stable than the usual plasma focus discharges without gas-puff.
The higher stability of the plasma column could explain the longer SXRs emission
measured by PIN diodes (of about 40% longer emission of SXRs in comparison with
the shots without the gas-puff).

In the MCP images we observe a bright radiation in the center of the pinched
plasma in the shots with the deuterium gas initial filling and the neon gas-puff. It
indicates a presence of a significant amount of neon in the pinched plasma. In these
shots, the average neutron yield of 4 x 10'° was achieved. This value is lower than
in the experiments without the gas-puff, however not much. Thus, it seems that
the neon is mixed with the deuterium but it does not affect the neutron production
or that the neutrons are significantly produced by reactions on a greater diameter
than the diameter of the imploded neon plasma.

As fare as the shots with with the deuterium gas-puff and deuterium gas initial
filling are concerned, a 20% increase of the average neutron yield was reached in
comparison with the shots without the gas-puftf.

In the shots with the deuterium gas-puff, bright and sharp linear filaments were
observed. These filaments have never been observed in the shots wihtout gas-puff
or in the shots with neon gas-puff.

In the gas-puff plasmafocus experiments a relative stable ball-like structures have
been observed and investigated. Results of these experiments are published in papers
[158, 163, 164, 165, 166, 167, 168].



Chapter 6

Experiments with Central

Electrode Cone

In this chapter, experiments with the novel electrode configuration are described.
At plasma foci, the influence of the central electrode shape on the plasma dynamics
and neutron yield was theoretically predicted and experimentally tested in USA
[169]. In [169], the flat-top and hemispherical anode are used. In our experiments,

the central anode has a form of cone.

Figure 6.1: Arrangement of shots with the central-electrode cone. (1) Anode, (2)
Cathodes, (3) Cone.

98
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6.1 Experimental Setup

The copper cone with a diameter of 10 cm and height of 2 cm was coaxially placed
on the flat surface central anode with the diameter of 23 cm. On the top of the cone
is a hole with a diameter of 1 cm. For clarity, the scheme of the electrode system is
shown in fig. 6.1 and photo of the electrode before and during the discharge Ne12055
(the filaments are visible there) is displayed in fig. 6.2. The series of 50 experimental
shots with the central electrode cone was performed with the charging voltage of 16
kV corresponding to 250 kJ of stored energy in the capacitor battery. The discharge

current maximum reached about (1.1 — 1.3) MA. The initial pressure of the static

deuterium gas filling was 100 Pa.

(a) (b)

Figure 6.2: Photo of the electrode system with the central electrode cone. (a) de-
tailed view on the central electrode cone, (b) during shot Ne12055.

6.2 Experimental Results

Perhaps, the most significant result is the increase in the neutron yield. The typical
neutron yield in the shots with anode cone is about 5.3 x 10'°, whereas in the shots
with the flat-top anode the typical neutron yield is 0.8 x 10'° (6.6 times lower), for
the charging voltage of 16 kV and initial deuterium gas pressure of 100 Pa.

Unlike at the classical plasma focus experiments, the typical firs dip in the current
derivative was not accompanied by the SXR, HXR, and neutron pulse as is apparent

from the normalized signals in fig. 6.3 from the representative shot Ne11856.
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Figure 6.3: Normalized signals of the scintillation detector (neutrons and HXRs),

PIN-diode (SXRs), current derivative, and voltage from shot Ne11856.

6.2.1 Interferometric study

Examining the sequence of the interferometric images of the representative shot
Ne11856 in fig. 6.4, a significant change in the compressed plasma shape is apparent.
At the maximum of compression, the minimum diameter is typically of about 1 cm.
Thus, in comparison with the classical plasma focus experiment with the flat-top
anode, the minimum plasma diameter is almost twice smaller in the case of the
anode cone experiments. As far as the plasma column length is concerned, the
pinched plasma was shortened to 1 — 2 c¢m, from ~ 7 cm typical for the classical
anode shape.

As far as the plasma implosion is concerned, in average, the implosion velocity
reaches 10° m/s similarly as in the shots with the classical flat-top anode. Likewise

the pinched plasma electron density achieves (102* — 10%%) m~3.
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Figure 6.4: Time sequence of interferometric images in shot Ne11856.
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6.2.2 MCP Pinhole Camera Images

In the sequence of the MCP SXR camera images in fig. 6.5, we can see the bright
anode cone on the bottom border of the frames which overexpose the images due to
intensive x-rays. Above the cone is visible column of the deuterium pinched plasma.
In contrast to the shots with the flat-top anode, the pinched plasma column SXR
radiation in the MCP images is weak. It is in accordance with the PIN-diode SXR
signals. Since the plasma densities in the shots with and without the anode cone
are similar, it seems that the the weak SXR emission could be caused by a lower

temperature at the stopping of the plasma implosion.

(a) (b) (c) (d)
-2ns 8ns 70 ns 80 ns

Figure 6.5: Shot Ne12085 MCP SXR pinhole camera images.

6.3 Conclusions

As the most important result of the experiments with the anode cone, we present
the significant increase of the neutron yield in comparison with the classical flat-
top anode. This result is different than the simulations and experiments with the
hemispherical anode presented in [169] in which the neutron yield was lower than
in the case of the flat-top anode. The reasons why the increase of the neutron yield
occurs are still being investigated. Our experiments with the central anode cone are
published in papers [170, 15].



Chapter 7
Discussion

In the beginning of the discussion of the experiments, we summarize the experi-
mental data. In tab. 7.1 we found the fundamental experimental data from the
shots with the classical plasma focus load, gas-puff load, and load with the central
electrode cone, reported in this thesis. In this table, shots with the optimal ini-
tial settings are taken into account. As the optimal initial settings we mean such
charging voltage and working gas pressure in which the maximum of compression
occurs at the time close to the current maximum. The discharge parameters listed
in tab. 7.1 are as follows: 7 linear electron density, p,, linear mas density, vV
plasma implosion velocity, E; ion kinetic energy given by the v,,;,, L length of the
pinched plasma column, I, discharge current maximum, U,.qr peak voltage, Dyin
minimal diameter of the pinched plasma, Dg diameter of the plasma column during
the stagnation, (n.) mean electron density, and Yy total neutron yield.

For an application of plasma focus as a neutron source, it is important to find
plasma focus load configuration with the most efficient neutron production. Looking
into tab. 7.1 we see that in the shots with the central electrode cone, the average
neutron yield is 6.6 times higher than in the shots with the same charging voltage
but without the cone.

From the results in tab. 7.1 we can found general parameters which characterize

the Z-pinch plasma in experiments reported in this thesis.
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Load configuration Classical plasma focus discharge D, gas-puff D, gas-puff Anode cone
Initial filling gas Do Do Ne Do Do Ne Do
Initial filling gas pressure [Pa] 100 200 80 100 200 80 100
Gas-puff initial pressure [Pa] - - - (15 x 10°) Pa | (15 x 10°) Pa (15 x 10°) Pa -
Charging voltage [kV] 16 23 23 16 23 23 16
Sotred Energy [kJ] 250 350 350 250 350 350 250

ne [x1018 cm~1] T+1 |71+08[16+£03| (T+4)£1 |(66+40)+10] (1.4+20)+£03]| 50=£05
pm [1g/cm] 24 + 2 2442 [ 54210 | (24+3)£6| (22+13)£3 | (46 +7) £ 10 17 + 2
Vimp [ X 10° m/s] 1.5+02 |1.7+£04|21+0.2 1.5 +£0.2 1.5 +£0.2 1.7+ 04 1.0 £ 0.2
E; [keV] 0.25+0.10 | 0.3 +0.1|{4.6=£1.0| 0.25+0.10 0.25 + 0.10 3.6 +0.7 0.17 £ 0.05
L [em] 7T+1 7T+1 1.5+ 0.5 7T+1 7T+1 20+ 0.5 1.5+ 0.5
Lnar [MA] 1.24+01 |1.8+£02|1.7+0.2 1.2 + 0.1 1.8 +0.2 1.7+ 0.2 1.2 + 0.1
Upear. [kV] 20 + 2 2%+5 | 3246 17 + 2 25 + 5 35 + 6 17+ 3
Dyin, [cm] 1.84+02 [14+02|05+0.1 0.3+ 0.1 1.5+ 0.2 0.7+ 0.3 1.0 + 0.3
Dg [cm] 20£02 |254+02]06=£0.1 21 +£0.3 4.0+ 0.2 1.0+ 0.2 2.1 +£0.5
(ne) at Dyin [X 10%4 B\m_ 44+10 [45+£1.01]25%+0.3 44 +£1.0 5.0+ 1.0 4.0 £ 0.5 45+ 1.0
(n) in stagnation [x10* m™3] 1.0+£03 |1.1+01]0.64+0.1 0.6 +£0.1 1.5+ 0.1 1.0+ 0.2 3.1+ 0.5
Y [x10'] 0.8+ 0.3 |4.5=+x30 - 0.8 4+ 0.5 5.9 + 3.0 4.0 £+ 3.0 9.3 £ 2.0

Table 7.1: Summary of the fundamental experimental data from the experiments with different plasma focus load.
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Mean-Free Path

We begin with the mean-free path which is very fundamental plasma parameter
necessary for many considerations.

The mean-free paths in Z-pinch plasma could be estimated using formulas in
[171]. Approximation of the mean-free path in meters for electron-ion Coulomb
collisions is -

e &2 X 10222_;; (7.1)
where T, electron temperature is in keV, Z is average charge state of ions, and n,
is electron density in m3. The mean-free path for ion-ion collisions is approximated
by [171]

i R 2 X 1022T—i2 (7.2)

‘ Z3n,’ '

where T; is the ion temperature in keV and Z is the ion charge. In the case of the
hot deuterium plasma in which Z = 1, the equations (7.1) and (7.2) become fully
analogous, differing only in the temperature. The dependence of both electron and
ion mean-free path for various temperatures is displayed in fig. 7.1. In fig. 7.1. We
assume that the ion temperature is approximately equal to the ion kinetic energy
given by the implosion velocity. Examining tab. 7.1 we found that the deuteron
temperature is approximately (0.2 — 0.3) keV. For plasma during the stagnation

072¢ m? we obtain the ion mean-free

with the typical electron density of about 1
path (0.8 — 1.8) mm. It is a boundary between the colision and colsionless plamsa.
As far as electrons are considered, their temperature is higher than the kinetic en-
ergy given by the implosion velocity due to electron-ion collisions. By SXR study
published in [168], using time-resolved filtered PIN diodes and Rowland Spectrom-
eter spectrometer, the electron temperatures ranges from 50 to 150 keV. Thus, the

electron mean-free path is approximately (0.05 — 0.5) mm.
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Figure 7.1: Dependence of the mean-free path for electrons.

Temperature Equilibrium Time

Using the estimation of the electron temperature and electron density, we could

approximate the temperature equilibrium time in nanoseconds for Z-pinch plasma

by formula [171]
AT??
Teq =~ 1027Z—, (73)
ne
where A is the atomic mass. For deuterium plasma, assuming A = 2, T, = (0.05 —
0.15) keV, Z = 1, and n, = 10** m~3 we obtain the thermal equilibrium time of
approximately (20 — 120) ns. Consequently, the dense structures could could be in

quasi-stationary state longer time.
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Collision Time

Collision time and collision rate are parameters closely related with the mean-free

path. For electrons and ions the collision time is given by

1
Te,i = = >\e (74)

)
Ve UTe, T

where v, ; is collision rate and vr.r; is the thermal velocity of electrons (index
Te) and ions (index T4%) [171]. Assuming vy; = Ui, = 1.5 X 10° m/s and vy, =
V2T./m. = (4 —T7) x 10° m/s, we obtain 7; = (5 — 12) ns (; = (8 — 20) x 107 s7})
and 7, = (13 — 38) ps (v, = (3 —8) x 10 s71).

Collisionality

Knowing the mean-free path of the particles in plasma, we could evaluate electron
and ion collisionality. The collisionality (C') is very important for plasma dynamics
and thermalization processes in the plasma [171]. The dimensionless C' parameter
is defined as the ratio of [ the spatial scale and the particle mean free path [171].

Thus, collisionality for electrons and ions is given by
Cei = — (7.5)

where [ is a plasma scale-length along the magnetic flux tube [171]. Assuming
[ = 6 cm, we obtain ion collisionality between 33 and 75 and electron collisionality
120 — 1200.
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Magnetization

Similarly like the collisionality, the electron magnetization® is a dimensionless pa-
rameter very important for thermodynamics of the pinched plasma [171]. As far as
the ion magnetization is concerned, in the case of deuterium or deuterium-tritium
plasma, it could plays a significant role in the neutron production efficiency [101].
The magnetization for electrons and ions is defined as the ratio of the cyclotron

frequency and the collision rate [171]
M., = : (7.6)

where the cyclotron frequency is given by the well-known formula wee; =| @ |e.
B/m.;. The toroidal magnetic field?, evaluated by the pinched deuterium plasma
current and diameter, is approximately 20 T. Thus, the cyclotron frequencies are
wee = 3.6 x 102 rad/s and we; = 9.4 x 10°® rad/s and magnetizations are M, =
(50 — 140) and M; = (5 — 11).

Alfvén Velocity

The Alfvén velocity is the characteristic velocity of plasma macroscopic transfor-

mations, e.g. magnetohydrodynamic instabilities [31, 39, 154]. For the deuterium

plasma, the Alfvén velocity could be evaluated in SI units by the following formula
[154]

B

~2.2x 100 —. 7.7

vA Vs (7.7)

For our experiments we obtain the Alfvén velocity during the pinched plasma stag-

nation of approximately 4 x 10° m/s in the regions with the electron density of

10** m—3 and approximately 5 x 10? m/s in the regions with the higher density of

102 m~—3.

1We note, that in physics exists also a different definition of magnetization M = % [1]. Such a

sense of M magnetization is not considered in this thesis.
2The magnetic field of pinched plasma contains also a poloidal component. However, the

poloidal component is negligible in comparison with the toroidal component.
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Parameter

The dimensionless parameter 3 is defined as the ratio of the thermodynamic pressure
and the magnetic pressure. Large [ parameter implies that the magnetic field does
not plays a significant role in the macroscopic plasma dynamics [171]. In [171], we

found the following evaluation of the § parameter

T;
Ne (Te—i—?)
=L —yx102 2/

p 32 Y (78>

where p is the thermodynamic pressure and p,, is the magnetic pressure. Substitut-
ing above mentioned typical parameters of plasma in our experiments in SI units
into (7.8) we obtain 8 = 0.4 in the regions with n, = 10** m™ and 8 = 4 in the
regions with n, = 10 m~3. Consequently, the dense plasma structures in Z-pinches

and plasma focuses are magnetized.
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Magnetic Reynolds Number

In the magnetohydrodynamics, a time-evolution of the magnetic field could be de-
scribed by the following formula derived from the Maxwell’s equations and Ohm’s

law [31]

OB 1,

where v is the plasma mass flow velocity, o is the plasma conductivity, and u is
the plasma permeability. The first term in the right side of (7.9) represents the
magnetic field freezing rate and the second term represents the resistive dissipation
of the magnetic field [31]. The ratio of the first term and second term in (7.9)
is called the magnetic Reynolds number. For the Z-pinch plasma, the Reynolds

number could be evaluated by the following formula [171]

1Z +1
= 0.25MT?1\ ) =—— 1
Ry = 0.25 i (7.10)

where M is the above evaluated magnetization, T'is the plasma temperature in keV,
and [l is the spatial length scale in cm. If the plasma conductivity is high, Ry, > 1
and the magnetic filed is frozen into plasma [31, 171]. Otherwise, if Ry/I1 the ohmic
dissipation is dominant.

For the hot deuterium plasma the atomic mass and ion charge are A = 2 and
Z = 1. If we assume the lowest reasonable parameters: M = 5, T" = 20 eV, and
[ =1 cm, we obtain Ry, = 3125. Thus, even in such very pessimistic estimation the
Ry is very high and in fact is probably even higher. Therefore, in our experiment,

the magnetic field is effectively frozen into the plasma.

Larmor radius

For completeness of the characterizing of the plasma in our experiments, the very
basic plasma parameters are evaluated by the above presented values.

To evaluate the Larmor radius we assume toroidal magnetic field of 20 T. For
the electron velocities of (4 — 7) x 10° m/s we obtain the electron Larmor radius of
(10 — 20) pm and for ions with a velocity of about 1.5 x 10° m/s the Larmor radius

is approximately 160 wm, which is lower than ion mean free path.
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Debye length

As far as the Debye length is concerned, for the non-equilibrium the Debye length

nez [ 1 1 —2
Ap = | — . 1
D { . (kTe + /cT)] (7.11)

For above mentioned electron and ion temperatures A\p = 50 nm in the region with
3

is given by [154]:

ne = 10* m=3 and Ap = 20 nm in the region with n, = 10* m=3. Thus, since
the number of charged particles is about roughly 523 for n, = 10** m=3 and 335 for
ne = 10% m=3 and \p is much smaller then characteristic dimensions of the plasma

in our experiments, the collective behavior could be assumed.

Nuclear Fusion Energy Yield

Obviously, the energy released by the nuclear fusion reactions is much smaller than
the electrical energy stored in the capacitor banks, or the energy energy transferred
to the imploding plasma. However, it could be interesting to quantify such released
energy. A number of reached D(d,n)*He reactions is given by the neutron yield. A
probability of the second branch of DD collision, the reaction D(d,p)T with the en-
ergy yield of about 4.03 MeV, is practically equal to the probability of the D(d,n)*He
reaction with the energy yield of about 3.27 MeV [1]. Other reactions we do not
take into account®. Assuming a good shot with a relatively high neutron yield of
10'! we obtain the total energy released from the nuclear fusion reactions of about
0.12 J. This is approximately 3 x 10° times less energy than the electrical energy of
350 kJ stored in the capacitors at the 23 kV charging.

30ne can note, that reactions D(t,n)*He could occur do to the MeV tritons produced by the
D(d,p)T reaction. However the number of the tritions (10% — 10'!) is negligible in comparison with

the number of deuterons in the plasma.
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Summary of Plasma Characterizing Parameters

The above introduced plasma characterizing parameters, for the electron density
ne = 10 m~3 and n. = 10> m~3 which are typical for plasma in our experiments,

are summarized in tab. 7.2. We note, that in the hot deuterium plasma we assume

Ne = M.
Electron density [m™3] 10%4 10%
Electron mean-free path [mm] 0.05—-0.5 0.005 — 0.05
Deuteron mean-free path [mm] 0.8—-1.8 0.08 — 0.18
Temperature Equilibrium Time [ns] 20 — 120 2-12
Electron collision time [ps] 13— 38 1.3—3.8
Deuteron collision time [ns] 5—12 0.5—1.2

Electron collision rate [s™!]

(8 — 20) x 107 s~

(8 — 20) x 108 s~

Deuteron collision rate [s™!]

(3 —8) x 10 s

8 —20) x 10" 71
(

Electron collisionality [-] 120 — 1200 1200 — 12000
Deuteron collisionality -] 33—75 330 — 750
Electron magnetization [-] 50 — 140 5—14
Deuteron magnetization -] 5—11 0.5—1.1
Alfvén Velocity [m/s] 4 x 108 5 x 104
Parameter 3 |-] 0.4 4
Magnetic Reynolds number [-] > 3125 > 6875
Electron Larmor radius [pum)] 10 — 20

Deuteron Larmor radius [pm] 160

Debye length [nm]| 50 20
Number of particles in Debye sphere [-] 523 325

Table 7.2: Fundamental parameters characterizing plasma in experiments presented

in this thesis




Chapter 8
Conclusions

In this thesis, the experiments with two novel configurations of the plasma focus
experimental load are presented: experiments with the central electrode (anode) gas-
puff and experiments with central electrode (anode) cone. For a reference, classical
plasma focus experiments with the static deuterium gas filling are presented int
his thesis too. In these experiments, the plasma is investigated using the 16-frame
optical interferometer, 4-frame gated MCP soft x-ray pinhole camera, and soft x-ray
PIN-diodes. The DD neutron yield is measured using the silver activation counters
and using the scintillation detectors, the time-resolved signals of the neutron pulses
are obtained.

Based on the experimental data the plasma dimensions, implosion velocities,
plasma densities, and temperatures were evaluated. By these evaluated quantities
the fundamental parameters which characterize the plasma were estimated.

A summary of the most interesting results of the experiments are as follows.

8.1 Selected Results of Experiments

In the experiments with deuterium gas filling and deuterium gas-puff, the plasma
stays a longer time stable than in the classical experiment with the static deuterium
filling. In these shots, the typical neutron yield is not significantly different from
the neutron yield in the shots with the static deuterium gas filling.

In the shots with the deuterium gas-puff very bright plasma fiber filaments have
been observed by the MCP soft x-ray camera. The origin of this filaments is not

known. We could assume that is particularly cased by impurities. However, the
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impurities could play just a role of a “dye” which allows a visualization of hot spots
in the plasma. Such filaments have never been observed in the shots without the
central electrode deuterium gas-puff and we have not found any earlier observation
of any similar plasma structures in the plasma focus experiments.

An increased attention have been devoted to the study of the relatively long-
lived ball-like plasma structures. Their electron densities and time evolution was
investigated using the interferometry.

In the shots with deuterium gas initial filling and neon gas-puff, a bright radiation
in the center of the pinched plasma is observed by the MCP soft x-ray camera. It
indicates a presence of neon in the central region of the pinched plasma. At the
same time, a relatively high average neutron yield of 4 x 10'°, comparable with
the neutron yield in the shots with the pure deuterium, was reached. Therefore,
it seems that the mixing of deuterium and neon does not significantly affect the
neutron yield, or that the neutrons are produced by deuteron reactions not in the
center of the pinched plasma but on a larger diameter.

In the plasma focus experiments with the central electrode cone a significant
increase in the neutron yield was achieved. In the shots with the static deuterium
gas filling with the same pressure and the same charging voltage, the average neutron
yield was 6 —7 times higher in the shots with the cone than in the shots with classical
anode shape.

The experiments with the central electrode cone are still at the beginning. For
a better understanding to reasons of the neutron yield increase more systematic
experimental campaigns are required.

A personal contribution of the author of this thesis to the experiments reported in
this thesis is summarized in appendix A and the list of the experimental internships
is presented in appendix D.

In appendix B and appendix C are lists of papers and conference contributions

in which the experiments presented in this thesis are published.
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8.2 Perspective of Pinched Plasma Research

The plasma foci which are in principle Z-pinch devices, are very efficient neutron
and hard x-ray sources. Currently the MA-class plasma foci are used as neutron
sources for the subcritical experiments in USA [55, 56, 57, 58]. Nowadays, plasma
foci plays also significant role in the laboratory astrophysics [64, 66, 71, 72, 73, 74].
As far as the thermonuclear fusion at pinched plasma is concerned, in the MagLIF
experiments, the thermonuclear DD neutron yield of 2 x 10'? was achieved.

In the world, several new MA-class plasma focus and Z-pinch devices have been
recently assembled, for example PF-24 [138] CQ-3-MMAF [134], and MAIZE [137].
Z-pinch devices with even higher currents of 48 MA and 65 MA are designing in
USA [172].

Therefore, the plasma focus research seems to be perspective and promising.

8.3 Future Prospects

There are many future plans. For example to perform experiments with several
shapes of the central electrode cone, try to find the optimal one for highest neutron
yield and explain the reason of the neutron yield increase.

The great and long-term challenge is to explain the observed organized ball-like,
toroidal, and fiber plasma structures, try to find an astrophysical analogy of these

plasma structures, and using a suitable scaling characterize it.
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Author’s Personal Contribution to

Experiments

Author of this thesis actively participates in the plasma focus experimental cam-
paigns on the PF-1000 device in the years 2013-2016. The list of these experimental
internships we found in appendix D.

The main contribution of the author of this thesis is the processing of the exper-
imental data, especially processing of the images obtained by the unique 16-frame
interferometer. With a help of the interferometry, the plasma dynamics, line densi-
ties, and volume densities have been evaluated. The author’s most crucial contribu-
tion to the plasma focus research lies in the experiments with the central electrode
gas-puff. These experiments are new in the plasma focus research and their results
are original. In the gas-puff experiments, unique long-lived filaments of a ball or
fiber form have been observed. Therefore, a special emphasis, in the author’s work,
is put on the study of these structures.

Author of this thesis is the corresponding author of two papers in impacted
journals [161, 162]. She is also a co-author of 25 other papers in impacted journals.
Total list of the author’s papers is reported in the appendix B. List of the conference

contributions is reported in appendix C.
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List of Papers

List of papers related to this doctoral thesis in journals with the impact factor.
We note that, in some publications, maiden name B. Batobolotova is used. In the

following publications an equal contribution of all authors is assumed.

1. B. Cikhardtova, P. Kubes, J. Cikhardt, M. Paduch, J. Kravarik, K. Rezac,
J. Kortanek, Fvolution of the small ball-like structures in the plasma focus
discharge, Nukleonika 61, 2, 2016. (The authors contributed equally to this
publication, each of them by 14%).

2. B. Cikhardtova, P. Kubes, J. Cikhardt, M. Paduch, E. Zielinska, J. Kravarik,
K. Rezac, J. Kortanek, O. Sila, Temporal distribution of linear densities of
the plasma column in a plasma focus discharge, Nukleonika 60, 2, 2015. (The
authors contributed equally to this publication, each of them by 11%).

3. P. Kubes, M. Paduch, M.J. Sadowski, J. Cikhardt, B. Cikhardtova, D. Klir,
J. Kravarik, V. Munzar, K. Rezac, E. Zielinska, E. Skladnik-Sadowska, A. Szy-
maszek, K. Tomaszewski, and D. Zaloga, Axial compression of plasma struc-
tures in a plasma focus discharge, Physics of Plasmas 25, 6, ISSN: 1070-664X
2018.

4. P. Kubes, M. Paduch, M.J. Sadowski, J. Cikhardt, B. Cikhardtova, D. Klir,
J. Kravarik, V. Munzar, K. Rezac, E. Zielinska, E. Skladnik-Sadowska, A. Szy-
maszek, K. Tomaszewski, and D. Zaloga, Characterization of fast deuterons

inwolved in the production of fusion neutrons in a dense plasma focus, Physics
of Plasmas 25, 1, ISSN: 1070-664X 2018.
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