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Abstract

The work addresses the problem of radiative compression of electron-ion plasma occurrence
and conditions during electric discharges in the z-pinch type devices. Also, the issue of the plasma
radiative compression influence on the total neutron emission from nuclear fusion of deuterium nuclei
is addressed. The plasma radiative compression is the phenomenon which should theoretically appear
during high current conducting electric discharges in working gases having relatively high Z atomic
number in comparison to deuterium (Z = 1), which are pinched with self-generated magnetic field
pressure. When these types of gases are used the X-ray radiation losses during discharge
are significant leading to cooling of the plasma, smaller internal pressures and possibly enable
the compression to smaller sizes and higher densities. Moreover, the discharges in the mixtures
of deuterium with noble gases, in which strong radiative compression has developed, may potentially
produce more neutrons from the fusion of deuterium nuclei on average, despite the lower initial D,
pressure.

The conducted researches are based on: 54 theoretical discharges, 123 experimental discharges
and 123 computed discharges in D,, Ar and D,+Ar mixtures under constant initial total pressure
of about 2.9 mbar. The experimental discharges were performed in the plasma-focus PF-24 device,
which is a type of dynamic non-cylindrical z-pinch type plasma generator and the nuclear fusion
device with magnetic confinement, under the 17 kV of charging voltage and the 16.8 kJ of energy
storage. During the experimental part of research 3 diagnostic systems were used: the Rogowski coil,
the magnetic probe and the neutron counter. They were used to obtain: the total discharge current
trace, the derivative of total discharge current over time trace and the total number of counts, during
each experimental discharge. The obtained electric traces and number of counts enabled to determine
the 6 different measured parameters describing behavior of plasma during each discharge.
On the other hand, the theoretical and computed discharges were performed using the 5-phase Lee
model code, which enables simulation of approximately all phases of discharge in any plasma-focus
type device. Wherein, the 123 computed discharges have been connected to experimental discharges
(123 coupled experimental-computed discharges) using the total discharge current fitting technique.
The results obtained using the 5-phase Lee model code enabled to determine the 37 computed
parameters and the 6 computed radiative compression indicators describing the behavior of plasma
for each investigated discharge.

The obtained theoretical results showed strong plasma radiative compression phenomenon
occurrence for discharges in the 1.70-4.20 mbar of initial Ar pressures and in x = 50-95%
of Ar fraction in the (100-x)D,+txAr mixtures. While for all the theoretical discharges in D,,
in 0.50-1.60 mbar and 4.50-5.00 mbar of initial Ar pressures and in x = 1-45% of Ar fractions
in the (100-x)D,+xAr mixtures weak or non-existent radiative compression phenonmenon was stated.
Moreover, the obtained experimental-computed results showed strong radiative compression
phenomenon occurrence for only half of discharges in about 1.2 mbar of Ar. While for all
the discharges in D,, the other half of discharges in Ar (also about 1.2 mbar) and in all the discharges
in x = 3-60% of Ar fractions in (100-x)D,+xAr mixtures weak or non-existent radiative compression
phenomenon was stated. The main reason of this state is to be the too low total X-ray line radiation
emission power. The main parameters influencing strong radiative compression occurrence
were stated as: the total yield of X-ray line radiation, the initial plasma pinch radius, the initial ion
temperature and the initial ion number density. These parameters determine the radiative compression
phenomenon occurrence during single discharge including its strength. Thus, they should be more
accurate in comparison to the standard indicators used: the reduced Pease-Braginskii current,
the radiation depletion time, etc. Also, no increase in the average total yield of fusion neutrons was
stated for discharges in 3-60% of Ar fraction in (100-x)D,+xAr mixtures under constant initial
pressure. The main reason of this is the decrease in deuterium ion number densities due to the decrease
in initial pressures and deuterium fractions and the special changes in electro-kinetics/dynamics
of discharges.



Streszczenie

Praca dotyczy problemu wystepowania kompresji radiacyjnej plazmy elektronowo-jonowe;j
i warunkow podczas wytadowan elektrycznych w urzadzeniach typu z-pinch. Poruszono réwniez
kwestie wplywu kompresji radiacyjnej plazmy na calkowita emisj¢ neutronéw z syntezy jader deuteru.
Kompresja radiacyjna plazmy jest zjawiskiem, ktore teoretycznie powinno pojawi¢ si¢ podczas
wytadowan elektrycznych przewodzacych wysoki prad w gazach roboczych o wzglednie wysokiej
liczbie atomowej Z w porownaniu do deuteru (Z = 1), ktore sa $ciskane przez samoistnie generowane
ci$nienie pola magnetycznego. Gdy stosuje si¢ tego rodzaju gazy, straty na promieniowanie
rentgenowskie podczas wytadowania sg znaczne, co prowadzi do chlodzenia plazmy, mniejszych
cisnien wewnetrznych i ewentualnie umozliwia kompresj¢ do mniejszych rozmiardow i wyzszych
gestosci. Ponadto wyladowania w mieszaninach deuteru z gazami szlachetnymi, w ktorych rozwingta
si¢ silna kompresja radiacyjna, moga potencjalnie, Srednio wytwarza¢ wiecej neutrondéw z syntezy
jader deuteru, pomimo nizszego poczatkowego ci$nienia D,.

Przeprowadzone badania opierajg si¢ na: 54 wyladowaniach teoretycznych, 123 wytadowaniach
eksperymentalnych i 123 wytadowaniach obliczeniowych w D,, Ar i mieszaninach D,+Ar pod statym,
catkowitym, poczatkowym ci$nieniem okoto 2.9 mbar. Wyladowania eksperymentalne
przeprowadzono w urzadzeniu plasma-focus PF-24, ktore jest rodzajem dynamicznego,
niecylindrycznego generatora plazmy typu z-pinch i urzadzenia do syntezy jadrowej z magnetycznym
putapkowaniem plazmy, pod napigciem ladowania 17 kV i magazynowaniem energii 16.8 kIJ.
Podczas czesci eksperymentalnej badan wykorzystano 3 uktady diagnostyczne: cewke Rogowskiego,
sond¢ magnetyczng i licznik neutronéw. Wykorzystano je do uzyskania: przebiegu catkowitego pradu
wytadowania, przebiegu pochodnej catkowitego pradu wytadowania po czasie oraz catkowitej liczby
zliczen, podczas kazdego eksperymentalnego wytadowania. Uzyskane przebiegi elektryczne i liczby
zliczen umozliwily okre$lenie 6 rdéznych mierzonych parametréw opisujacych zachowanie plazmy
podczas kazdego wyladowania. Z drugiej strony wyladowania teoretyczne i obliczeniowe
przeprowadzono przy uzyciu 5S-fazowego kodu modelu Lee, ktory umozliwia symulacje
w przyblizeniu wszystkich faz wytadowania w dowolnym urzadzeniu typu plasma-focus. Przy czym,
123 obliczeniowe wyladowania zostaly polaczone z wytadowaniami eksperymentalnymi
(123 sprzezone wytadowania eksperymentalno-obliczeniowe) przy uzyciu techniki dopasowania
catkowitego pradu wytadowania. Wyniki uzyskane przy uzyciu S5-fazowego kodu modelu Lee
umozliwity okreslenie 37 obliczeniowych parametrow i 6 obliczeniowych wskaznikow kompresji
radiacyjnej opisujacych zachowanie plazmy, dla kazdego badanego wytadowania.

Uzyskane wyniki teoretyczne wykazaty zachodzenie silnego zjawiska kompresji radiacyjnej plazmy
dla wytadowan w poczatkowych cisnieniach Ar 1.70-4.20 mbar i x = 50-95% zawarto$ci Ar
w mieszaninach (100-x)D,+xAr. Podczas gdy, dla wszystkich teoretycznych wytadowan w D,,
w 0.50-1.60 mbar i 4.50-5.00 mbar poczatkowych cisnien Ar i w x = 1-45% zawarto$ci Ar
w mieszaninach (100-x)D,+xAr stabe Iub niecistniejagce zjawisko kompresji radiacyjnej zostato
stwierdzone. Ponadto uzyskane wyniki obliczeniowo-eksperymentalne wykazaly silne zjawisko
kompresji radiacyjnej tylko dla potowy wytadowan w okoto 1.2 mbar Ar. Podczas gdy, dla wszystkich
wyladowan w D,, drugiej potowie wytadowan w Ar (rowniez okoto 1.2 mbar) i we wszystkich
wyladowaniach w x = 3-60% zawartosci Ar w mieszaninach (100-x)D,+xAr slabe lub nieistniejace
zjawisko kompresji radiacyjnej zostalo stwierdzone. Gtownym powodem tego stanu jest zbyt niska
catkowita moc emisji liniowego promieniowania X. Gtéwne parametry wplywajace na wystegpowanie
silnej kompresji radiacyjnej okreslono, jako: catkowita wydajno$¢ promieniowania liniowego X,
poczatkowy promien pinchu plazmowego, poczatkowa temperatura jonow i poczatkowa gestosé
liczby jonow. Parametry te okreSlaja zjawisko kompresji radiacyjnej podczas pojedynczego
wyladowania w tym jego nasilenie. Tak, wigc powinny byé one dokladniejsze w porownaniu
ze stosowanymi standardowymi wskaznikami: zmniejszonym pragdem Pease'a-Braginskiego, czasem
wytracania promieniowania, itp. Nie stwierdzono réwniez wzrostu sredniej, catkowitej wydajnosci
neutronow z syntezy, dla wyladowan w 3-60% zawartoSci Ar w mieszaninach (100-x)D,+xAr
pod staltym, poczatkowym ci$nieniem. Gléwnym powodem tego jest spadek gestosci ilosci jondw
deuteru spowodowany zmniejszeniem poczatkowych cisnien i zawartosci deuteru oraz specjalnymi
zmianami w elektro-kinetyce/dynamice wytadowan.



Table of contents

Table of contents

LiSt OF QDDIEVIAtIONS .....eeiiiiiieiiie ettt et ettt b e st e bt e e b e seeeeaens 11
Lo TETOAUCTION ..ttt ettt ettt et e et e bt e et eesateenbeesseeenteans 12
2. Plasma radiative compression phenomenon in z-pinch..........cccecvveeeiieeriieeeciieeeiee e, 14
2.1. Plasma radiative compression PhenOmMENON ..........c.eerueeeieeriieeiiienieereenieeereeneeeeseenneeenne 14
2.1.1.Bennett equilibrium pinch and radiative compression concept ..........cceeeveervveennee. 14
2.1.2.Basic equations of equilibrium pinch ..........ccccoocveviiiiiieniiiiieeeeee e 15
2.1.3. Pease-Braginskil CUITENT ...........coiuiiiiiiiiiiiiieiie et 18
2.1.4.Basic analysis of compression CONAitioNS..........c.eevueeeviereeriieenieenieeneeeieeseeereenenes 19

2.1.5.Reduced Pease-Braginskii current and characteristic time of radiation depletion... 21

2.2. Z-pinch and plasma-focus deVICES .........cevueeriiiriiiriiieiieeie ettt 23
2.2.1.Concept and types of Z-pinch deviCes..........cceeriiiriiriiiinieiiieeceeee e 23
2.2.2.Plasma-focus devices — basics of contruction and phases of discharge................... 24
2.2.3.Equivalent electric circuit of plasma-focus...........ccceeveviiiriiiiiriieiciie e 26

2.3. History and status of research on plasma radiative compression phenomenon

I ZPINCH. .t st 27
2.3.1.0riginal research of Pease and Braginskii — characteristic current concept............ 27
2.3.2.0Original research of Shearer — radiative compression concept..........ccoceevververeeennens 28
2.3.3.Modeling of plasma radiative compression — Vikhrev code...........ccccevveeniinennne. 28
2.3.4.Microstructures in z-pinch disCharges ...........cocevveviiiiiniiiiniiniceeceeee 29
2.3.5.Modeling of plasma radiative compression — Apruzese and Kepple....................... 30
2.3.6. Analysis of radiative compression by Meierovich........c..ccoceeveviiiiniinincnicncnnnens 31
2.3.7.Modeling of plasma radiative compression — Jach..........cccoeevveeeriiiiniiecniee e, 31
2.3.8.Experiments in gas-puff system by Bailey ........c.cccocevviniininiiniiniiiinieees 31
2.3.9. Experimental discharges in thin frozen deuterium fibers ...........cccccooviniieninnnne. 32
2.3.10. Computations concerning radiative collapse in z-pinch including discharges

in thin frozen deuterium fIDErs .........ccccoiiiiiiiiiiiiii e 32

2.3.11. Modeling of plasma radiative compression — Bernal and Bruzonne..................... 34
2.3.12. Experiments in linear z-pinch by Bogomaz............c.cccoeevviiviieinciiiniieeiee e, 34
2.3.13. Modeling and experiments of plasma radiative compression — Lee, Akel

AN SAW ..ttt ettt b et sttt et b et sttt 34

3. Fusion neutron emission from z-pinch and plasma-focus devices .........ccccceevierreeiriennnnnne. 37
3.1. Fusion neutron emission from z-pinch discharges in Dy ........coocvvieviiiiiiiiiiiiiiciieeie 37



Table of contents

3.2. Fusion neutron emission from plasma-focus discharges in gas mixtures ....................... 40
4. AIMS OF the theSIS..ccueiiiiiiieie ettt e 43
5. Experimental setup and experimental plasma parameters ...........cccveevveeeeieencieescneeeneneeenns 44

5.1. Plasma-focus PF-24 dEVICE .......cceevuiriiiriiiieiiieieeiesiee et 44

5.1.1.Condensers and SPark-Zaps .........cccueeiiuiieriiieeiieeesieeesreeerreeeieeeereeeereeesereeeereeeenes 44
5.1.2. Transmission cables and COlECTOT ........couirirriiriiriiiiiieeeeeeeee e 45
5.1.3. Experimental chamber with electrodes ...........ccccecvvieeiiiiiiiiieiieee e 46
5.1.4.Total static inductance and reSISTANCE ..........ccereeruieierieriieieriieieee e 47
5.2. Neutron counter and total neutron yield ...........cccccoeoiiiiiiiiiiiii e, 47
5.3. Electric diagnostic systems — determination of experimental plasma parameters .......... 48
5.3.1. Electric probes and acquired electric traces ..........cceevveeerieeeiieeerieeeieeeeieeeevee e 48
5.3.2. Electro-Kinetic ParameEters..........c.eevierureruienieeniieeieeieesereesaeessreesseessneeseesssesseessneans 49
5.3.3. Determination of electro-kinetic parameters and €rrors...........cccveeeceveeeveeercveeenenennn 49

6. Simulation of discharge in plasma-focus deviCe..........cocevirviriiiniiiiiriiniiceeceeee 53
6.1. General information about Lee model..........ccccooiiiiiiiiiiiiniiicieeeeeeeeeee e 53
6.2. Phases of discharge (theoretical) in the 5-phase Lee model code and equations............ 54
6.2.1. Phase I —axial ........ooouiiiiiii e 54
6.2.2. Phase II — radial inward ShOCK ...........cccoriiiiiiniii e 56
6.2.3. Phase III —radial reflected ShOCK ..........ccooeiiiiiiiiiiii 57
6.2.4. Phase IV — slow compression (PINCH).......cccereeririiniininiienienieeicnecie e 59
6.2.5. Phase V — expanded column axial ...........cceeeviieeiiiiiniiienieeciceeee e 60
6.2.6. Additional relations and data used in the Lee model code — characteristic axial
transit tiMe and VEIOCIEY ......eeeuiiieiiieeiieeieeeee et sereeeseaee e 61

6.2.7. Additional relations and data used in the Lee model code — inductances
ANA VOITAZES ....veeeeiieeciie et et e e et e e e tae e s taeesnaeeessseeessseeeesseeeennes 62

6.2.8. Additional relations and data used in the Lee model code — effective charges
and SPECIfiC NEat TATIOS .....vveeeiiieeiie ettt e e s 63

6.2.9. Additional relations and data used in the Lee model code — small disturbance

] 01T OSSPSR 64

6.2.10. Additional relations and data used in the Lee model code — temperatures
AN AENSILIES ...ttt ettt ettt et e st e bt e st e esbeesateesaeeens 65

6.2.11. Additional relations and data used in the Lee model code — Ohmic heating,

1resiStivity and X-Tay €MISSION.......eeeuieruierieerieeeieerteeeieesteesereeseesteeseessreenseessneens 66
6.2.12. Additional relations and data used in the Lee model code — plasma opacity ........ 67
6.2.13. Additional relations and data used in the Lee model code — neutron emission.....68



Table of contents

6.3. Input and output parameters of the 5-phase Lee model code ..........ccceeevvveeiiiiiiinnnennn, 69
6.3.1. INPUL PATAMELETS......ceeiuiieeiiieeiiieeiteeetee et et et e e et e e st e e e beeessbeessnseessbeesnseesaeeas 69
6.3.2. Input parameters — model Parameters .........cccveeerieeeiieeeieeeiie e e 70
6.3.3. Output data and PaAramELErsS ..........ccceeevvierieeiiieriieeiieneeeiee e bt esereebeeseeebeeseaeesaens 71

6.4. Simulation and fitting procedure in the 5-phase Lee model code..........c.cccccvvvrevirennnnns 74
6.4.1. Single execution of the code (simulation) and simulated current trace.................... 74
6.4.2. Theoretical phases of discharge vs experimental phases of discharge .................... 75
6.4.3. Fitting procedure of CUITENT trACES ........ccvveeiieriierieeiieeieeiee et eee et e 76
6.4.4. FItHNG PATAIMELETS ...eeevieiiiieiieeiieeiie et eiee ettt eteesiteeteesiteeteesebeeabeesaeeenbeesseeenseenneeenne 76
6.4.5. Examplary fitting procedure of simulated current trace ............ccceeeveevreerveecieennnennn. 76
6.4.6. Importance of current traces and fitting.........cccerieriiiriiieiieriieee e 79

7. Performed discharges and acquired fitting parameters............ccoeceeveeeiiienieeneenieeieeeeee 80

7.1. Theoretical discharges in Dy, Ar and DyTAr MiXtures..........ccoeeveeveeeevieeeesienieeieseennns 80

7.2. Discharges in D, and acquired fitting parameters............ccceeveeriiienieeiieenieeeesieeeeee. 81

7.3. Discharges in D;, Ar and D,+Ar mixtures and acquired fitting parameters.................... 82

8. ANalysis OF the TESUILS.......iiiiiiieiie e e s e aeees 89

8.1. KINELIC PATAMELETS ....evtitiiiiiiiiieeteitt ettt sttt ettt ettt e sae et st e b enae s 89
8.1.1. KinetiC parameters — tIMES.......cccueerueeeriieeeiieeerieeesiieeesereesseeesseeessseeesseesssseesssseenns 89
8.1.2.Kinetic parameters — VELOCIHIES ......ccuverueeriiriiniieieniierieeieeitesie ettt 95

FIWN oA [Tt n (o o 1 1 01 ] ) 4~ USRS 98
8.2.1. Electric parameters — CUITENLS ........ccuevueeierierierieeiienieete sttt sttt sie et enee e 99
8.2.2. Electric parameters — maximum VOItage.........cccveeruieeriieeriieeriieciee e 103

8.3. Radiative compression INAICALOTS .........ccuieiuiiriieriierie et 106
8.3.1. Radiative compression indicators — CUITENLS ........cccvveerveeeriueeerieeerieeenereeeseveeennees 106
8.3.2. Radiative compression indicators — tIMES.........cccveerveeiiienieeriienieeieesie e sie e 110

8.4. Plasma pinch parameters — dimMeNSIONS. .....cccuueeerurreriiieeriieeeiieeeieeeeieeesaeeeseeeeneveeeeneas 116
8.4.1. Plasma pinch parameters — raditSes .........ccceeruieeiiieiieriiieniieiiesie et see e 116
8.4.2. Plasma pinch parameters — 1engths ..........cccccveeiiieeiiiiniiecee e, 121
8.4.3. Plasma pinch parameters — VOIUMES ..........cceeeireiieriieiienieeieeeee et 125

8.5. Plasma pinch parameters — denSItIeS.......eeeruieerieeeiieeeiieeeiieeeieeeeiee e e eeeveessareeens 129
8.5.1. Plasma pinch parameters — volumetric densities ...........coecueevueerveeniienieeniienieeneans 130
8.5.2. Plasma pinch parameters — linear densities ..........ccccueeeerieeriiieeniieeiiee e eeee e 135

8.6. Plasma pinch parameters — teMPETatUuIes ...........cecveeriieriienieeriienieeteeeeeeaeeseneeeeeneeeenne 139

8.7. Radiation yields and ohmic heating yield ...........ccccooeuiiiiiniiiiniiniieiee e 144



Table of contents

8.7.1. Radiation yields and ohmic heating yield — X-ray yields and ohmic heating

VICLA .t 144

8.7.2. Radiation yields and ohmic heating yield — total neutron yield..............c.ccuo........ 152
8.8. Summary and comparison of radiative compression indicators and plasma pinch
parameters for disScharges N Dy ...eiccuveeeiiiieciiece e 159

8.9. Summary and comparison of radiative compression indicators and plasma pinch
parameters fOr diSCharges N AT ......c.eeecuiieeiieecie ettt ee e ee et e e s reeeeeree e 161

8.10. Summary and comparison of radiative compression indicators and plasma pinch
parameters for discharges in Dy+Ar MIXEUTES ......cccvveeiiiieiiieeiieeee e 169

9. Summary and CONCIUSIONS ......cc.coruiriiiriiriiiiiiiceet ettt 175
9.1. Evaluation of the occurrence of the plasma radiative compression phenomenon......... 175
9.2. Assessment of critical indicators and parameters describing strong plasma radiative
COTMPTESSION ....veeueieeitieeteeereestteeteeetreeseessseeseessseesseesnseesseeasseeseessseessesnseenssesnseenssessseensns 177

9.3. Verification of the increase in total neutron emission by deuterium argon doping ...... 178
9.4. Evaluation of the compatibility of results of computations performed
with the Lee model code and experimental 1esults...........ccceeeviiieiiiincieeciie e, 179

LO. RETETEICES ...ttt et et e bt e sttt e et e e bt e e nbeesseesabeenneeens 181
LSt OF £ADIES ...ttt et 190
LISt OF fIGUIES 1.ttt ettt ettt et st 191
List of publications of Lukasz Marciniaki............c.ccoeeveriiniiiiniiniiieieceneeeceeeeeee 200

10



List of abbreviations

List of abbreviations

D-D nuclear fusion — nuclear fusion of deuterium nuclei
EMF — electromotive force

MCF — magnetic confinement fusion

MHD — magnetohydrodynamic

P-B current — Pease-Braginskii current

PF — plasma-focus

SHR — specific heat ratio

SXR — soft X-ray

VUV — vacuum ultra violet

11



1. Introduction

1. Introduction

In the XX century a significant development of plasma physics, electron-ion plasma
generators and confiment devices took place. Devices such as tokamaks, stellarators,
micro-fusion facilities and plasma-focuses were designed. The main drive
for the development of this type of devices was nuclear fusion research and assessment
of the capabilities of these devices as future thermonuclear power reactors [Lerner 1980],
[Haines 1982], [Liberman 1999], [Sadowski 2005].

The plasma-focus (PF) devices (also known as dense plasma-focus or DPF) were invented
in the 1960s [Filippov 1962], [Mather 1964]. These devices belong to the family of z-pinches
[Liberman 1999], [Haines 2011], [Sadowski 2012] and for some time were considered as one
of the most promising future nuclear fusion power reactors [Mather 1971], [Lerner 1980],
[Haines 1982] [Rawat 2015]. However, to this day no one has successfully achieved
break-even conditions in a PF device. Nowadays, PFs are viewed and used mostly as efficient
sources of different types of radiation which can be used in many branches of science,
technology and industry [Raspa 2008], [Gribkov 2008], [Rawat 2015].

The scientific research of dynamic and short lived plasma generated in z-pinches
as well as occurring mechanisms of nuclear fusion during z-pinch discharges proved
to be very difficult especially on the experimental site [Liberman 1999] [Ryutov 2000]
[Haines 2011] [Sadowski 2012]. Moreover, the race to achieve nuclear fusion power reactor
based on z-pinch caused relatively fast and significant changes of direction of research
not spending enough time and effort to study thoroughly all given effects. And due to lack
of achievement of break-even conditions and the growing popularity of other devices
for magnetic confined fusion (MCF) in many laboratories around the world research on
physical mechanisms occurring during discharges in PF and z-pinch were abandoned. This all
resulted in the existence of many unknowns concerning physical processes that take place
inside of these devices during discharges [Liberman 1999] [Ryutov 2000] [Haines 2011]
[Sadowski 2012]. One of such processes still not fully investigated both experimentally
and theoretically is the plasma radiative compression phenomenon.

The plasma radiative compression phenomenon was predicted initially by R. S. Pease
[Pease 1957] and S. 1. Braginskii [Braginskii 1958] independly in: 1957 and 1958,
respectively. This phenomenon involves the compression of high current conducting plasma
by means of the magnetic field pressure and Ampere’s force as a result of the decrease
of plasma internal pressure caused by radiation losses [Shearer 1976]. The radiation losses
have been predicted to be mainly losses of soft X-ray (SXR) line radiation and also vacuum
ultra violet (VUV) — energy range from about 10 eV to 5000 eV [Liberman 1999].

The work describes the results of a coupled experimental-theoretical study of the plasma
radiative compression phenomenon using the plasma-focus PF-24 device [Marciniak 2016]
and the 5-phase Lee model code [Lee 2014] [Lee 2017]. The theoretical predictions obtained
using the 5-phase Lee model code have suggested, that during the discharges in noble gases
and their mixtures with deuterium in the PF-24, phenomenon of radiative compression should
take place. Wherein, the noble gases used should have high enough atomic Z number like
for example argon. Thus, argon (atomic number Z = 18) and mixtures of argon
with deuterium (total atomic number Z = 1.17-11.20) under constant total pressure were used
for coupled experimental-theoretical investigation.

The work is divided into ten chapters.

Chapter 1 is the introduction.

12



1. Introduction

Chapter 2 contains a description of plasma radiative compression phenomenon including
history and scientific status of research. The z-pinch and PF devices are introduced
in this chapter.

Chapter 3 provides information about neutron emission from the nuclear fusion reactions
of deuterium nuclei (D-D nuclear fusion) as a result of discharges in z-pinches
and plasma-focuses. The information about total fusion neutron emission during discharges
in plasma-focuses operated with mixtures of deuterium and other heavier gases are provided.

Chapter 4 presents the aims of the thesis.

Chapter 5 introduces modern, 100 kJ, Mather type, electron-ion plasma generator called
PF-24 and 3 different diagnostic systems used: the Rogowski coil, the magnetic probe
and the neutron counter [Marciniak 2016] [Bienkowska 2014]. By using these three
diagnostic systems 6 different experimental parameters describing the behavior of moving
current conducting plasma structure and generated plasma pinch (column) can be determined.
These experimental parameters are used for: the determination of optimum initial D, pressure
for the highest neutron emission on average, the verificaction of increase of the average total
neutron yields with Ar fraction increase, the evaluation of the fitting procedure of current
traces performed during simulation of discharges with the Lee model code and general
assessment of the compatibility of measured and computed results.

Chapter 6 presents the hybrid 5-phase Lee model code used for simulation of a single
discharge in the plasma-focus PF-24 device. The general informations about the model
are given and all important equations are presented. The process of fitting of measured current
trace with computed current trace is specified. The input parameters and output data
of the code are listed and described. The determined parameters (output parameters),
describing moving plasma structure and generated plasma pinch (column), based
on the output data, are presented and characterized.

Chapter 7 introduced all performed: experimental, simulated and computed discharges,
their identifiers, the parameters of working gas (its initial pressures and composition),
the computed nominal inductance and resistance of the PF-24 device, and so called model
parameters of the Lee model code. This chapter is divided into three sections. The first section
presents the theoretical discharges in D, and Ar under variable initial pressure
and the theoretical discharges in mixtures of D, and Ar under constant initial total pressure.
The second section presents coupled experimental-computed (fitted) discharges in D, under
variable initial pressure. And the third section presents coupled experimental-computed
(fitted) discharges in D, Ar and mixtures of D, and Ar.

Chapter 8 presents the results of the analysis of 6 different measured parameters,
37 different computed parameters and 6 computed radiative compression indicators.
This chapter is divided into eight sections, in which each section relates to the different type
of parameters and indicators: the kinetic parameters, the electric parameters, the radiative
compression indicators — currents, — times, the plasma pinch parameters — dimensions,
— densities, — temperatures and the total radiation yields and the ohmic heating yield.
All of the above parameters and indicators are determined on the basis of discharges
presented in chapter 7.

Finally, chapter 9 is dedicated to summary and conclusions. It is divided into 4 sections,
in which each refers to the different aim of the thesis.

And, chapter 10 contains the list of all references.
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2. Plasma radiative compression phenomenon in z-pinch

2.1. Plasma radiative compression phenomenon
2.1.1. Bennett equilibrium pinch and radiative compression concept

The electron-ion plasma can be generated in many types of modern plasma generators
that take advantage of non-stationary processes. When plasma is generated for example
as a result of linear high voltage gas discharge it conducts electric current and can become
magnetized (magnetic field is strong enough to significantly alter particle trajectories).
The plasma for example in the form of a column conducting electric current along its length
creates a magnetic field around that column. When this magnetic field is strong enough
it can pinch the column forcing it to compress to a smaller radius. This type of effect called
“plasma pinching” or “pinch effect” was described originally by W. H. Bennett in 1934
[Bennett 1934]. More precisely, Bennett stated that streams of fast electrons which can
accumulate positive ions in sufficient quantity to have a linear density of positives about equal
to the linear density of electrons, along the streams, become magnetically self-focusing
when the current exceeds a value which can be calculated from the initial stream conditions.
Bennett performed calculations leading to his law (presently known as Bennett law
or relation) in conditions of dynamic equilibrium (Bennett equilibrium pinch). The analyzed
theoretically streams had a cylindrical symmetry having the z axis as the axis of symmetry.
The electrons moved parallel along z axis direction and ions moved similar but in opposite
direction. The densities of both species were assumed small and collisions of particles were
assumed infrequent. The distribution of velocities of particles was described with Maxwellian
distribution function (equilibrium distribution constant in time) both for electrons and ions.
Also effects connected with plasma streams contact with electrodes were neglected.

The phenomenon predicted by Bennett became the basis of operation of z-pinch devices
as well as plasma-focus devices (described in the section 2.2. of this work). The hot, dense
and magnetized plasma object which is created in these devices is often called “plasma pinch”
or simply “pinch”. In the z-pinch devices discharge is usually performed in deuterium
in gas form. Because of presence of deuterium nuclei in hot and dense plasma,
which is generated as a result of some type of high current electric discharge, D-D nuclear
fusion (nuclear fusion of deuterium nuclei) can take place [Liberman 1999], [Sadowski 2005],
[Velikovich 2007]. In general, the higher is the plasma density, temperature and confiment
time the higher is the fusion reaction efficiency. And stronger plasma compression can lead
to higher density of plasma particles as well as longer interaction times between particles
and longer stability. Mainly because of these facts and the possibility of achieving break-even
conditions, the plasma compression phenomenon (and other accompanying phenomena)
in z-pinches was studied for many decades. However, after years of research break-even
conditions were not achieved in any z-pinch device. And there are still many physical
processes that occur in z-pinches which are not fully understood and/or their existence has not
been confirmed and investigated properly. One of such effects is the plasma radiative
compression phenomenon.

For the plasma radiative compression phenomenon in z-pinches it was predicted
theoretically that the concentration of plasma particles density can rise to extremely high
values (10% particles/cm’) while the plasma pinch radius drops to very low values (107 cm)
in some devices [Robson 1989a]. However, to achieve this extreme compression plasma must
be approximately in a state of pressure equilibrium (balance of magnetic pressure and internal
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2. Plasma radiative compression phenomenon in z-pinch

plasma pressure forces) as well as a current higher than the so called Pease-Braginskii (P-B)
current must flow through plasma [Shearer 1976]. The P-B current is a characteristic value,
per given plasma type, and is calculated for conditions of thermodynamic equilibrium
[Pease 1957], [Braginskii 1958], [Shearer 1976]. Namely, when P-B current flows through
plasma the power of the bremsstrahlung radiation losses and the power of the ohmic heating
(Joule heat) are in balance — equilibrium current. When the current flowing in plasma exceeds
P-B current value the power of radiation losses will exceed the power of ohmic heating
[Shearer 1976]. Because of this plasma will start to cool down and internal pressure will drop.
So, an external power source must supply additional energy to sustain pressure equilibrium.
And supplying additional energy into the system results in increase of magnetic pressure
and this leads to further plasma compression. The compression will continue until the moment
when internal pressure rise will cause degeneration of electron states in the area of high
densities or when plasma will start to be optically thick (self-absorption of plasma radiation)
or when instabilities of different kind appear and start to destroy the mechanical pressure
balance and disrupt (break) the plasma column [Stepniewski 1995], [Liberman 1999],
[Haines 2011].

The first estimations of P-B current values were made by two scientists working
independently in 1956 and 1957 — R. S. Pease [Pease 1957] and S. I. Braginskii
[Braginskii 1958]. Afterwards, in 1976 J. W. Shearer showed analysis of plasma pinch
generated in z-pinch in pressure equilibrium state including higher current values than
P-B current [Shearer 1976]. These early estimates of P-B current and conditions for achieving
plasma radiative compression in z-pinches were rather inaccurate. In later studies scientist
investigating plasma compression in z-pinch devices took into consideration additional
effects, such as: plasma density profiles, axial outflow of plasma, plasma anomalous
resistivity, plasma opacity and coupling of the pinch formation into a realistic electrical RLC
circuit (for more realistic power source condition) [Stepniewski 1995], [Liberman 1999],
[Haines 2011]. Also, one of the biggest breakthroughs was caused by taking into account
radiation losses from X-ray line radiation and recombination radiation. These types
of radiation losses are insignificant for plasma ions of low atomic Z numbers (for example
deuterium plasma). However, if gases with higher Z numbers are present in plasma the line
radiation losses can become the dominating ones [Vikhrev 1978a], [Pereira 1988],
[Koshelev 1991], [Stepniewski 1995], [Liberman 1999], [Haines 2011], [Lee 2013].
Thus, the value of P-B current can be reduced — reduced P-B current — significantly when the
powers of ohmic heating, bremsstrahlung radiation losses, line radiation losses
and recombination radiation losses are included all together in the estimates while plasma
is composed of higher Z nuclei. Moreover, even if the line radiation losses are significant,
there is still the effect of the time of plasma pinch existence in pressure equilibrium versus
the time of radiation emission during given z-pinch discharge. Only if the characteristic
depletion time of radiation per given plasma type is significantly shorter than
the time of the pinch existence in pressure equilibrium, plasma radiative compression can
develop during discharge [Shearer 1976], [Stepniewski 1995], [Liberman 1999],
[Haines 2011], [Lee 2016]. In next subsection most important equations concerning plasma
compression for equilibrium z-pinch state are presented and described.

2.1.2. Basic equations of equilibrium pinch
The plasma column is generated as a result of electric discharge between electrodes.
Effects at end of electrodes are neglected. Dynamic pressure equilibrium conditions

are assumed. Plasma column conducts uniform electric current through unit of surface
in z axis direction (figure 2.1.1).
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2.1. Plasma radiative compression phenomenon

Figure 2.1.1. Schematic diagram of plasma column (z-pinch discharge). z — axial direction/component
in cylindrical system of coordinates (blue arrow), » — the radial direction/component in cylindrical
system of coordinates, 7, — the radius of plasma column (pinch), I» — the gradient of internal plasma
pressure, j. — current density z component (red arrow), B, — magnetic field induction ¢ component
(red circles with arrows) and F; —Ampere’s force extered on the column (green arrows). The I, j., B,
and F; are constant along z direction.

The uniform current density j. (z axis direction) creates uniform magnetic field B,
(azimuthal direction) along the entire length of the column. This magnetic field exerts
pressure on the plasma (magnetic pressure) through Ampere’s force F4. The dependence
of plasma internal pressure gradient from self magnetic pressure gradient can be described as
[Bodin 1971], [Liberman 1999], [Haines 2011]:

d 1.
Vp=-L=-j,B, 2.1.1)

In equation (2.1.1), Z—f is the » component of the internal plasma pressure gradient (in CGS

units) and c is the speed of light. The right side of equation (2.1.1) is the magnetic pressure
gradient. Thus, this equation describes the equilibrium of pressures. Moreover, the equation
(2.1.1) 1s actually the special case of the ideal magnetohydrodynamic (MHD) equation
of momentum [Bodin 1971], [Liberman 1999].

The relation between current density and magnetic filed inductance can also be expressed

T [Liberman 1999],

[Haines 2011]. When this equation is introduced into cylindrical system of coordinates
then z component of current density can be expressed as [Liberman 1999], [Haines 2011]:

using Ampere’s law in magnetostatic form (CGS units): VxB=

jo = == (rB,) 2.1.2)

In equation (2.1.2), r is the radial length (coordinate). The use of equation (2.1.2)
is motivated by the fact that the force acting on the plasma column is actually the Ampere’s
force F4. The external Ampere’s force F4 acting on an element of surface of plasma column
can be expressed as: Fy = - p(r,)lr,dp, where [ is the length of an element of column,
r,dp 1s the width of an element of column and p(r,) is the uniform external magnetic pressure
exterted on the surface of the column.

When equation (2.1.2) is combined with equation (2.1.1) the dependence of magnetic
pressure at the surface of pinch from magnetic field inductance can be found. Assuming
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2. Plasma radiative compression phenomenon in z-pinch

the plasma column radius is equal to 7, and resultant pressure at the border of the pinch
is equal to O then [Liberman 1999], [Stepniewski 1995]:

p(n) = % (2.1.3)

The value at the right side of equation (2.1.3) is often called the magnetic pressure.

Thus, the Ampere’s force F; acting on an element of surface of plasma column is expressed
as [Anderson 1958]:

2
Fy = —%lrpdq) (2.1.4)

On the other hand, the internal pressure of the plasma column composed of ions
and electrons can be expressed by the sum of partial pressures exerted by electrons and ions
alone [Stepniewski 1995], [Haines 2011]:

P = Pe + pi = pk(ZTpe + Ty;) 2.1.5)

In equation (2.1.5), p. is the electron plasma pressure, p; is the ion plasma pressure,
n,=ny is the ion number density (Zn,, = n, — the electron number density),
k 1s the Boltzmann’s constant, 7. is the electron temperature, 7, is the ion temperature
and Z is the ion charge number (atomic number for low Z gas).

When equation (2.1.2) and (2.1.3) are combined as well as it is assumed that
By = By(ry,) = 2I,,/cr, (I,p 1s the uniform current flowing through pinch) then the so called
Bennett relation can be presented in the best known form as [Thornhill 1989],
[Stepniewski 1995], [Liberman 1999], [Haines 2011]:

12, = 2¢*NykT, (1 + Z) (2.1.6)

In equation (2.1.6), T, is the temperature of particles in plasma column (7, = T,. = T};)
and N, is the ion line number density of plasma column (number of ions per unit of pinch
length). This equation binds together the current flow /,, through pinch with one of the most
important plasma parameters — N,, 7, and Z. Wherein, the ion line number density N,
is connected with plasma volumetric ion number density 7, through the equation (2.1.7)
[Liberman 1999]:

N, = [,? 2mn,rdr 2.1.7)

Moreover, the equation (2.1.6) does not give information about plasma profiles — the 7,
and Z parameters are assumed to be uniform in the entire plasma volume and N, is integrated
along r, but B,(r), p(r) and n,(r) are in general not uniform along » component. The magnetic

field distribution B, along r can be described as (using equation (2.1.2) and assuming
I, = j.mr,’) [Thornhill 1989], [Stepniewski 1995]:

; Bo,r 2, .

r)= ..

(1) BorL,T<Tp (2.1.8)
p
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2.1. Plasma radiative compression phenomenon

The pressure p distribution inside plasma column along » can be described as (combining
equation (2.1.1) and (2.1.2) for p # 0 and using equation (2.1.8)) [Thornhill 1989],
[Stepniewski 1995], [Liberman 1999]:

p(r) =2 (1 _ @) (2.1.9)

And the distribution of particle ion number density 7, along » can be in general described
as [Thornhill 1989], [Stepniewski 1995], [Liberman 1999]:

n,(r) = %(1 rz) 2.1.10)

T2
T 5

The plasma pinch which is described using equations from (2.1.1) to (2.1.10) is called
equilibrium pinch or quasi-stationary pinch with parabolic profiles (Bennett profiles).
This pinch is characterized by: the dynamic pressure equilibrium, the uniform current flow,
the uniform drift speed (constant electron speed in comparison to ion speed),
the quasi-electrical plasma, the high heat conductivity as well as the parabolic profiles
of density and pressure. Moreover, the above relations can be extended to cover the general
case of any current density distribution (and any profiles of other physical quantities) which
is constant along z axis and in time for a z-pinch discharge under pressure equilibrium
[Haines 2011].

In the quasi-stationary pinch approximation it is also possible to determine the velocity
profiles in the column for uniform compression or expansion — velocity of compression
or expansion of given plasma sheet at distance » from the center of column (z axis) along
radial direction [Thornhill 1989], [Stepniewski 1995]. This requires making an assumption
that characteristic speed of compression or expansion is smaller than speed of sound
in plasma (no shock waves) which is true for equilibrium pinch approximation.

When pressure equilibrium sets on further evolution of the plasma column is driven only
by the processes of energy transport. But in z-pinches pressure equilibrium is hard to sustain
because of plasma instabilities and possible existence of complex internal structures like
magnetic flux loops of different shape [Bodin 1971], [Haines 1982], [Rudakov 1997],
[Liberman 1999], [Haines 2011] [Sadowski 2012]. In general the stability of the z-pinch
is still subject of extensive research [Liberman 1999], [Haines 2011].

2.1.3. Pease-Braginskii current

Apart from the pressure equilibrium also the thermodynamic equilibrium plays
an important role in the system — the P-B current is derived in the thermodynamic equilibrium
state. In order to derive the P-B current equations global conditions of power balance
are usually used. In order to express the power balance, processes responsible for decreasing
of plasma column energy such as the emission of bremsstrahlung radiation
as well as the emission of X-ray line radiation and X-ray recombination radiation (when
significant number of ions with high Z number are present in plasma), must be considered.
Other mechanisms responsible for the decreasing of plasma energy are electrons and ions
interacting with the cold electrodes of the devices or not ionized gas as well as plasma
outflow in form of plasma waves, streams of charged particles or jets. On the other hand,
the main process responsible for increasing plasma energy which should be considered
is the ohmic heating. Other process responsible for the increase of plasma column energy
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2. Plasma radiative compression phenomenon in z-pinch

is the heating with nuclear fusion products when significant number of light nuclei like
deuterium and tritium is present in the plasma.

The basic equation of power balance of quasi-stationary plasma column is shown below
(equation (2.1.11)) — only the power of bremsstrahlung radiation losses and power of ohmic
heating are included [Robson 1989a], [Haines 1989], [Stepniewski 1995]. All other processes
are considered insignificant.
dE _ v dUin

a dt+ dt = Ponm — Pprem (2.1.11)

In equation (2.1.11), dE/dt is the change of total energy of system, pdV/dt is the change
of energy of system connected with the change of volume of plasma column,
dU,,/dt is the change of internal energy of system, P, is the change of energy of the system
due to the ohmic heating (power of ohmic heating) and Pp., is the change of energy
of the system due to the bremsstrahlung radiation losses (power of bremsstrahlung radiation
emission). This equation was derived from law of energy conservation.

From equation (2.1.11) the relation describing P-B current can be derived. This can be

done assuming the case where Py, = Pprem (the power of bremsstrahlung radiation losses and

. ) : av . dau;
ohmic heating are in balance), p i 0 (constant plasma column radius), d—lt”t = 0 (pressure

balance condition as well as constant current and constant number of particles conditions)
and equation (2.1.6) is used for the calculation of temperature 7,. All things considered
the equation for P-B current can be expressed as [Robson 1989a], [Stepniewski 1995],
[Haines 2011]:

Ip_p(MA) = 049922 (L) (InA)1/2 2.1.12)

all?
In equation (2.1.12), Z is the ion charge number (or atomic number for low Z gas),
o 1s the dimensionless quantity that depends on the radial plasma density profile
and InA is the so called Coulomb logarithm. This equation bases on the original
considerations of Pease and Braginskii.
The equation for P-B current value can be also enhanced taking into account:

parabolic density profile, Spitzer resistivity of the plasma and plasma opacity factor f,
[Robson 1989a], [Bernal 2002], [Lee 2013]:

1
£i2

Ip_p(MA) ~ 0.23 (1 + %) (InA)Y/? (2.1.13)

Furthermore, the value of P-B current can be considered as a constant, for given plasma
type which is optically transparent, since the Coulomb logarithm is a weekly dependent
function of density and temperature and it is commonly assumed that /n4 = 10 for hot
and dense plasma generated in z-pinches [Pease 1957], [Pereira 1988], [Robson 1989a],
[Koshelev 1991], [Bernal 2002]. On the other hand, the plasma opacity represented by the f
parameter can change vastly during single discharge and has significant influence
on the P-B current values. Thus, in general the P-B current values with opacity factor included
are not constant during single discharge.

2.1.4. Basic analysis of compression conditions

In order to find the dependency of plasma column radius from the power of ohmic heating
and the power of bremsstrahlung radiation losses the equation (2.1.11) can be used.
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2.1. Plasma radiative compression phenomenon

The equation (2.1.11) for Py # Prrem and plasma column radius 7, # const (general solution),
can be transformed into [Shearer 1976], [Robson 1989a], [Stepniewski 1995]:

iﬂzw(m_l) (2.1.14)

rp dt I3y Pprem

In equation (2.1.14), r, is the plasma column radius dependent on time ¢, P, is the power
of the ohmic heating, Py 1s the power of bremsstrahlung radiation losses, 7, is the current
flowing through plasma column (in z axis direction) and c is the speed of light. Equation
(2.1.14) shows that when P, > Ppren plasma column will increase radius (expansion).
On the other hand, when P, < Ppren plasma column will decrease radius (compression).
And for P,p, = Pprem the plasma column radius is constant. The equation (2.1.14) can also
be presented in a different form [Shearer 1976], [Haines 1989], [Robson 1989a],
[Stepniewski 1995]:

2
iﬂ_;(ﬂ_l) (2.1.15)

rp dt 4Tprem \ Lp

In equation (2.1.15), zpem 1s the characteristic time of bremsstrahlung radiation losses
(torem = Ui/Pprem and Uy, 1is the internal plasma column energy) and Ipj
is the Pease-Braginskii current. Similarly as in equation (2.1.12): when /,, < Ipp plasma
column radius increases, when /,, > Ip_g plasma column radius decreases and when /,, = Ip.p
plasma column radius is constant. This type of analysis of the pinch in pressure equilibrium
was done originally by Shearer [Shearer 1976].

The equation (2.1.15) can be also used to derive the dependence of plasma column radius
r, from time ¢ when Ip_p and 1, are constant [Shearer 1976], [Robson 1989a], [Haines 1989],
[Stepniewski 1995]. This analysis shows that when /,, > Ip.p plasma column radius tends
to zero and plasma density tends to infinity in a finite time (characteristic time
of compression). However, in reality even if the /p.3 and I,, were constant during the entire
compression process (which is in general not true) and there would be no significant outflow
of plasma particles, the compression would stop at some point because of the degeneration
of electron states (plasma degeneration) or self-absorption of radiation or development
of plasma instabilities [Haines 1989], [Robson 1989a], [Robson 1989b], [Chittenden 1990],
[Cochran 1990], [Stepniewski 1995], [Rudakov 1997], [Liberman 1999], [Haines 2011].
Thus, if the plasma radiative compression was to be successful the characteristic time
of compression (dependent on the characteristic time of radiation emission) must be smaller
than the lifetime of the plasma column in mechanical pressure balance. And the lifetime
of the plasma column is usually believed to be determined by the development
of the MHD instabilities [Shearer 1976], [Haines 1989], [Robson 1989a], [Cochran 1990],
[Koshelev 1991], [Rudakov 1997]. To be more precise, the main MHD instability responsible
for breaking of the plasma column is belived to be the so called sausage instability (instability
with azimuthal wave number m = 0) [Bodin 1971]. The development of sausage instability
in plasma column is presented in figure 2.1.2, together with MHD kink instability (m = 1).

The MHD sausage instability, together with other instabilities (like MHD kink instability)
including micro-instabilities, leads to destruction of global mechanical pressure balance,
breaking of column, plasma outflow and cooling because of plasma particle’s interaction with
the electrodes of the device. Wherein, in the micro-instabilities the local radiative collapse
can occure [Pereira 1988], [Koshelev 1991], [Hebach 1993], [Lebert 1995]. Furthmore,
the presence of MHD instabilities may also result in formation of complex internal structures
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2. Plasma radiative compression phenomenon in z-pinch

like tangled loops of magnetic flux [Rudakov 1997] or increase plasma resistivity
(micro-instabilities like lower-hybrid-drift instability) [Robson 1989b], [Robson 1991].

ay m=0
1

]

t{ttte
o
.;q

Figure 2.1.2. a) Scheme illustrating the development of MHD a) sausage instability (azimuthal wave
number m = 0) and b) kink instability (azimuthal wave number m = 1) in plasma column [Piel 2017].
The symbols are: j. — current density z component (black arrow), B, — magnetic field induction
@ component (circles with arrows) and F, —Ampere’s force extered on the column (gray arrows).
The ., B, and F, are not constant along z direction.

2.1.5. Reduced Pease-Braginskii current and characteristic time of radiation depletion

The observed fast development of instabilities in plasma generated in z-pinch
and the fulfillment of the fast compression condition (short characteristic time of compression
and radiation emission) were stated to be the main reasons why plasma radiative compression
in pure hydrogen or deuterium pinch was not observed in some experiments (even when
current flowing through plasma column exceeded the P-B current) [Robson 1989a],
[Robson 1989b], [Stepniewski 1995]. And it has been shown theoretically that decreasing
of characteristic time of radiation emission (depletion) can be shorter due to the presence
of admixtures in plasma which have a higher atomic Z number [Pereira 1988§],
[Koshelev 1991], [Haines 2011], [Lee 2013], [Lee 2016a]. In general, the higher is the power
of radiation emission, the shorter is the time of radiation depletion and also the P-B current
value is lower — reduced P-B current. However, it is difficult to analytically derive
the reduced P-B current equation and characteristic time of radiation depletion equation when
bremsstrahlung radiation, X-ray line radiation and recombination radiation losses
are included. Nevertheless, few groups reported calculation of P-B current values under these
conditions with the help of numerical computations (see section 2.3). Furthermore,
in the articles S. Lee et al. [Lee 2013], [Lee 2016] suggest that it is possible to approximate
the reduced P-B current value using P-B current value (calculated for ohmic heating
and bremsstrahlung radiation only) and using powers of bremsstrahlung radiation losses, line
radiation losses and recombination radiation losses. This idea was initially proposed
by V. V. Vikhrev [Vikhrev 1978] and developed by K. N. Koshelev [Koshelev 1991]
and N. R. Pereira [Pereira 1988]. Below the equation for the reduced P-B current /p g equced
is presented [Lee 2013], [Lee 2016], [Akel 2016a]:
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ZI
IP—Breduced2 = I}%—B? (2.1.16)
K — PlinetPrectPprem (2117)
Pprem
, 1 1 )2
A =—(1+ ) (2.1.18)
4 Zeff

In equations (2.1.16), (2.1.17) and (2.1.18), Ip.p is the P-B current from equation (2.1.12),
K 1is the coefficient representing the ratio of the sum of line radiation power Py,
recombination radiation power P, and bremsstrahlung radiation power Ppep
to bremsstrahlung radiation power Py, and Z’ is the coefficient introducing correction
associated with the effective ion charge number Z, of plasma (important when plasma
is composed of ions with higher atomic numbers Z). The powers of radiation losses from
plasma column in equation (2.1.16) and (2.1.17) as well as ohmic heating power P,y
can be presented as [Lee 2016], [Akel 2016a]:

Piine =~ 4.6 x 10731 Tlpn,z,Z‘*ZeffnrpZzp (2.1.19)
— 1
Proc = 592 % 10 35?11,2,Z;5ff7trpzzp (2.1.20)
Porem =~ 1.6 X 107407, *n2 73, :ir2z, 2.1.21)
1 2 %
Popm = 1300 =7 Zefrlpp — (2.1.22)
Tp TET'p

In equations from (2.1.19) to (2.1.22), 7, is the plasma column temperature,
n, = ny; 1s the ion number density of plasma column, Z is the atomic number of gas,
Zey 1s the effective ion charge number (as in equation (2.1.18)), 1,, is the uniform current
flowing through plasma column along z axis, 7, is the plasma column radius (the same as r,
in equation (2.1.14) and (2.1.15)) and z, is the plasma column length. It is also worth
to mention that the equation (2.1.22) is based on the Spitzer resistivity formula [Lee 2014].

The overall characteristic time of radiation losses #p (or radiation depletion)
can be described using P,ym, Plines Prec, Prrem and Uiy, values [Lee 2016]:

to = Uint (2.1.23)

PlinetPrectPbrem—Pohm

In equation (2.1.23), U, is the internal energy of the plasma column (the same
as in equation (2.1.11)). The U, is given as [Lee 2016]:

1 f
Une = 53 kTynp (1 + Zegp )y zy = S kTpny (1 + Zegy)mry zy (2.1.24)

In equation (2.1.24), y = C, / C, is the specific heat ratio (SHR) of plasma
(C, 1s the specific heat capacity at constant pressure and C, is the specific heat capacity

at constant volume), k£ is the Boltzmann constant and f is the number of degrees of freedom
of plasma particles (y = (2+f)/f so that 1/(y-1) = f/2).
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2. Plasma radiative compression phenomenon in z-pinch

Additionaly, since the Ip.g(?), Ip-preducea(t) and I,,(¢) are in general not constant during
z-pinch discharges the radiative compression lifetime (#,;) can be introduced into
considerations. The 7, is entire period of time during stable phase of z-pinch discharge
for which Ip.greucea(t) < ILpp(t). And since Ip.preducea(t) 1s sensitive to changes of f
the ¢, is entire period of time when plasma is optically transparent (or at least not
significantly optically dense) and is able effectively emit X-ray radiation. So, when ¢
is higher than positive 7y the radiative compression should be possible.

Summarizing section 2.1, the radiative compression phenomenon occurrence requires that
the current flowing through plasma pinch (/,,) must be higher than the reduced P-B current
(Ip-Breduced) and the plasma pinch lifetime (#,;) has to be longer than characteristic time
of radiation depletion (zp). Additionaly, the radiative compression lifetime (#.;) can be also
introduced and used as another indicator since pinch plasma current (/,,(?))
and reduced P-B current (Ip.grequcea(t)) are in general not constant during discharge.
Wherein, one must remember that the P-B current, the reduced P-B current, the characteristic
time of radiation depletion and the radiative compression lifetime are only basic approximated
indicators informing on the possibility of any radiative compression occurrence (even very
weak and insignificant). And in order to achieve strong raditive compression it is possible
that additional indicators or parameters should be taken into account, as was done in previous
works and simulations (see section 2.3). However, up to this day there is no agreement
on which other indicators and parameters should be actually taken into account when
investigating plasma radiative compression phenomenon — different authors reached different
conclusions. Finally, there are phenomenons which may occurre during z-pinch discharges,
like for example different instabilities development, hot spots and filamentary structure
formation, which significantly alter plasma behaviour during discharges and prevent
the occurrence of global or even local radiative compression.

2.2. Z-pinch and plasma-focus devices
2.2.1. Concept and types of z-pinch devices

The officially accepted starting date of z-pinch research is 1934. In this year
W. H. Bennett [Bennett 1934] described the effect of pinching of uniform charged particle
streams with self generated magnetic field. On the basis of the principles described by Bennett
new devices were constructed and modified. The development of great power pulse current
generators in XX century also contributed to this. For past 80 years many different z-pinch
constructions were invented. Still, their basis of operation remains the same. The operation
of each z-pinch is based on the current flow in z axis direction through plasma and
compression using self generated magnetic field (as described in Chapter 2.1)
[Liberman 1999], [Ryutov 2000], [Haines 2011] [Sadowski 2012]. To achieve this type
of discharge in plasma different non-stationary processes can be utilized. In view of different
possibilities of discharge generation — place of the initial discharge in the system, medium
and way of further discharge development — there are many possibilities of assignment
of individual z-pinches into smaller groups. Examples of such categories were mentioned
by Stepniewski in [Stepniewski 1995]: linear z-pinch, plasma-focus, gas-puff, exploding
wires, micro-pinch (vacuum spark) and discharges using thin dielectric fibers. Another
classification was presented by Liberman [Liberman 1999]: dynamic z-pinch, equilibrium
z-pinch, vacuum arcs and plasma-focus, or by Sadowski [Sadowski 2012]: single-channel
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z-pinches, wire-array  z-pinches, x-pinch  configurations, gas-puffed z-pinches
and non-cylindrical z-pinches (often called dense plasma focus).

The important fact about all z-pinch is that two discharges are never exactly the same,
even if they are performed in the same device, under the same operation conditions
and in the same working gas under the same pressure (the same initial condition). This is due
to the fact that z-pinch discharge depends on the local concentration of gas particles at given
time (as in atmospheric discharges) and there are many non-linear effects which can develop
differently (like instabilities) in relatively short periods of time (dynamic and turbulent
behaviour of plasma). Thus, there are many possibilities of mass and charge/current flow
between electrodes during entire discharge. So, the information acquired from a given
diagnostic system during given discharge should not be used as complementary information
for the second discharge, in general. In other words, all necessary diagnostic systems used
during investigation of z-pinch discharges should be used simultaneously for all planned
discharges/experiments.

2.2.2. Plasma-focus devices — basics of contruction and phases of discharge

In subsection 2.2.1 two classifications of z-pinch devices were given. In both of them
(as well as in many other) special type of z-pinch called plasma-focus (or dense plama-focus)
is mentioned. The PF is a type of dynamic, non-cylindrical plasma generator and magnetic
confiment fusion device of z-pinch type [Mather 1971], [Liberman 1999]. The device usually
consists of: condenser bank and switches (battery), transmission cables, collector
and experimental chamber with electrodes [Mather 1971], [Decker 1976], [Liberman 1999].
The condenser bank of the device stores the energy in form of electromagnetic field
and releases it all instantly (for example using spark-gaps) after charging of battery ends.
The transmission cables transmit electric energy from the condenser bank to the collector.
The collector collects the electric energy and ensures homogeneous current flow from
the condenser bank to the electrodes of the device. The experimental chamber is a vacuum
tight container with electrodes and isolator inside. There are two standard configurations
of the electrode’s and isolator’s layout in PFs as described by Filippov [Filippov 1962]
and Mather [Mather 1965].

Phases of discharge (experimental) in plasma-focus device

The discharge in PF device can be divided into two or three main phases occurring
one after another [Bernard 1998] [Scholz 2004] — see figure 2.2.1 [Abdallah 1999].

Phase I — breakdown and build-up (ignition)

The first phase of discharge is the breakdown between coaxial electrodes over the isolator
(insulator) in working gas and build-up (initial forming) of the approximately symmetrical,
uniform and thin plasma current sheet.

Phase II — axial acceleration (run-down)

The second phase of discharge, taking place only in Mather type of PF’s, is the run-down
of the current sheet (acceleration phase) in the axial direction. In this phase the current sheet
is accelerated along electrodes (along z axis) through the Ampere’s force (see subsection
2.1.2). The sheet quickly reaches supersonic velocity and shock wave in front of structure
appears. Because of this high velocity of movement, strong conductivity of electric current,
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2. Plasma radiative compression phenomenon in z-pinch

generation of self magnetic field and symmetry the plasma structure is able to “sweep”, ionize
and accelerate the neutral gas in front — part of previously neutral gas becomes ionized
and joins moving plasma structure. This is why the plasma sheet structure is often called
magnetic piston. Moreover, this type of sweeping is similar to a moving snow plough
or a growing balloon. Thus, this phase of discharge is often described using so called
snow-plough model [Anderson 1958], [Gross 1971], [Potter 1971], [Pereira 1988],
[Liberman 1999], [Haines 2011].

BREAK-DOWN ACCELERATION RADIAL
AND CURRENT SHEATH PHASE COMRESSION
BUILD UP PHASE PHASE
OUTER ELECTRODE
INSULATOR
E-M
INNER ELECTRODE RADIATION
(usually anode) ELECTRON
...... ION
SPARK GAP BEAM
HV .
— | 0-D
D'Q NEUTRONS
BATTERY

Figure 2.2.1. Phases of discharge in Mather type plasma-focus and basis of operation
[Abdallah 1999]. The symbols are: C — the total capacitance of battery, v, — the velocity of plasma
structure (magnetic piston with shock) along z direction, v, — the velocity of plasma structure
(magnetic piston with shock) along » direction, J — the density of current flowing through plasma
structure and B, — the ¢ component of magnetic field induction around generated plasma column
(plasma pinch).

Phase III — radial compression (run-in and pinch)

The third phase of discharge is the radial compression of the current sheet (magnetic
piston) with shock wave in front. In this phase the current sheet is compressed towards
the center of electrodes (into z axis) also using the Ampere’s force (see figure 2.2.1).
The radial movement of magnetic piston with shock wave in front of it can be described in
approximation using so called slug model [Potter 1978], [Liberman 1999], [Haines 2011].
During this phase the current sheet coincides close to the z axis forming plasma pinch —
see figure 2.2.1. The plasma pinch is a relatively small and short lived object shaped similarly
to a funnel or to a column. It has been stated in previous research that it can exist
in approximation from a few to a few hundred nanoseconds (in largest PF devices)
[Mather 1971], [Decker 1976], [Bernard 1998], [Liberman 1999], [Scholz 2004],
[Kubes 2011]. The plasma volume in the pinch varies between few cubic millimeters and
dozens of cubic centimeters (in largest devices) [Mather 1971], [Decker 1976],
[Bernard 1998], [Liberman 1999]. The typical ion average pinch temperature achieved
in PF devices is about 1 keV and typical ion number density is about 10'® per cubic
centimeter [Mather 1971], [Decker 1976], [Bernard 1998], [Liberman 1999]. In general,
conditions achieved in the plasma pinch enable nuclear fusion of light nuclei — for example
nuclear fusion of D nuclei if deuterium is the working gas filling experimental chamber
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[Bernstein 1970], [Lee 1971], [Bernard 1977], [Bernard 1998] [Sadowski 2012]. The plasma
pinch is also the source of other type of radiation: electromagnetic radiation (mainly
in the X-ray range), ion streams, electron streams, plasma waves and plasma jets
[Mather 1965] [Bernard 1998] [Sadowski 2010] [Sadowski 2012] [Rawat 2015]. Moreover,
the time period starting from the moment when plasma pinch is generated is often called
pinch phase [Bernard 1998] [Scholz 2004]. This pinch phase of discharge can be also divided
into three subphases — quiet phase, unstable phase and late phase (best seen in large
plasma-focus devices) [Bernard 1998] [Scholz 2004] [Kubes 2010]. In quiet pinch phase
plasma column is believed to be approximately stable and can still expand globally.
In this phase neutron production and emission is stated in large plasma-focus devices
(first pulse) [Bernard 1998] [Scholz 2006] [Schmidt 2006] [Kubes 2010]. In unstable pinch
phase neutron production and emission is continued (second pulse in large PF devices)
and MHD instablities (see figure 2.1.2) and/or micro-instabilities (also called hot-spots)
can develop inside plasma column [Koshelev 1991], [Pereira 1988], [Lebert 1995],
[Bernard 1998], [Kies 1998], [Scholz 2004], [Scholz 2006], [Schmidt 2006], [Kubes 2010],
[Kubes 2012], [Sadowski 2015], [Kubes 2019a]. In fact, it was stated that entire plasma
column can be transformed globally into a group of micro-instabilities placed along z axis
[Pereira 1988], [Koshelev 1988], [Lebert 1995], [Decker 1996], [Sadowski 2015]. In the late
phase plasma decays after the break-up of plasma column, rapidly expands and cools down
(regardless of whether it is a column or a group of hot-spots). Furthermore, during pinch
phase complex internal structures like magnetic flux loops of different shape or current
filaments can also develop inside column [Rudakov 1997], [Soto 2014], [Sadowski 2015],
[Kubes 2017], [Kubes 2019a].

2.2.3. Equivalent electric circuit of plasma-focus

It is worth to mention that a discharge in plasma-focus devices can be described
in approximation as a discharge in a dynamic and damped RLC circuit [Mather 1971],
[Bernard 1998], [Scholz 2004]. The scheme of electric discharge in such equivalent RLC
circuit is presented in figure 2.2.2.
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Figure. 2.2.2. Equivalent circuit for a discharge in plasma-focus. The U, is the total voltage between
the electrodes and 7 is the total current flowing in the circuit. The Cy, Ly, Ry, are the total capacitance,
the total inductance and the total resistance of the plasma-focus device, respectively.
The L, is the dynamic plasma inductance and R, is dynamic plasma resistance [Mather 1971],
[Bernard 1998].

The equivalent electric circuit shown in figure 2.2.2 consists of elements which during
discharge usually have static values in approximation: the total capacitance of the device — Cy,
the total (nominal) inductance of the device — L, and the total (nominal) resistance
of the device — Ry. The total capacitance of the device is basically the total capacitance
of condenser bank. And Ly and R, elements represent inductance and resistance of all parts
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2. Plasma radiative compression phenomenon in z-pinch

of plasma-focus device which conduct electric current during each discharge — condensers,
spark-gaps, transmission cables, collector plates and isolator between electrodes covered with
thin current conducting sheet in the experimental chamber. Furthermore, L, and R,
is the dynamic plasma inductance and the dynamic plasma resistance, respectively.
This is connected with the fact that in PF devices plasma closes the electric circuit
and conducts electric current. So, L, inductance is connected with motion of the current sheet
and geometry of electrodes and R, is the ohmic plasma resistance of the moving sheet.
The change of voltage in such a system is represented by U, (total discharge voltage)
and the current flowing through the circuit is represented by [/ (total discharge current).
Below, equation describing the equivalent electric RLC circuit from figure 2.2.2 was
presented [Mather 1971], [Bernard 1998], [Scholz 2004]:

al

po+ IRy (2.2.1)
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In equation (2.2.1) all symbols are the same as in figure 2.2.2. Wherein, /, L,, R, and Uy,
are time ¢ dependent functions.

2.3. History and status of research on plasma radiative compression
phenomenon in z-pinch

2.3.1. Original research of Pease and Braginskii — characteristic current concept

Research concerning plasma radiative compression started in 1957-1958 when R. S. Pease
and S. I. Braginskii published first articles stating the existence of characteristic current
[Pease 1957], [Braginskii 1958]. Pease investigated axially-symmetrical discharges, in long
straight tubes (cylindrical symmetry) and under stationary conditions. The calculations were
to meet the requirements of a power-producing thermonuclear reactor. Pease considered first
of all: the validity of the diffusion conditions implied in the initial equations, the transport
properties of the plasma and the cyclotron radiation arising from thermal motion
in the self-magnetic field. His results showed that in a stationary state a pinch discharge will
exist with radiative cooling and that a maximum current will be encountered. This maximum
current will dependent on pinch parameters and the characteristic current of ionized gas.
The value of this maximum current was to be about 1.7 x 10° A (between one and two million
ampers for assumed conditions). Furthermore, it was stated that the discharge does not have
to become heated to an “unpinchable” temperature in order to dissipate the energy fed in,
and that the most obvious and serious obstacle to achieve discharge conditions in which
performed calculations would be applicable lies in the instabilities known to exist
in current-carrying plasmas [Pease 1957]. Similarly, Braginskii considered the discharges
developing in a cylindrical pinch in a quasi-stationary state in completely ionized
and quasi-neutral plasma. His calculations were based mainly on the power balance
and the assumption, that the plasma pressure is balanced by the electrodynamic forces
generated by the current flowing through the pinched plasma. The gradients of all quantities
were directed along the radius r and the electric current flow was along the z axis while
the magnetic field was directed azimuthally. The end effects (electrode effects) were
neglected in his calculations. The results showed that in a stationary mode there are possible
energy losses via radiation (bremsstrahlung). When the power of these energy losses is equal
to the power of Joule heating, the maximum and the characteristic current of a discharge can
be calculated. This value of the characteristic current for the given assumptions was about
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1.4 x 10° A. If the current flowing through pinch is smaller than this characteristic current,
part of the generated Joule heat is radiated and the remaining part is removed by conductivity.
It was also stated that an increase in the electric field in the filament (pinch) would lead
to further compression and increased radiation emission because the temperature and current
do not change (stationary mode with maximum current and temperature). Furthermore,
for the non-stationary pinch mode simple calculations were also performed showing
that change of filament radius is possible in time and it is connected with the current value
and how fast the current changes [Braginskii 1958].

2.3.2. Original research of Shearer — radiative compression concept

By showing independently simple analysis Pease and Braginskii created the basis
of the plasma radiative compression theory. However, the full theory of this phenomenon
was not completed until 1976 when J. W. Shearer presented relations with currents exceeding
P-B current for z-pinch type of discharge and thus created generalized conditions (see also
section 2.1) [Shearer 1976]. Shearer assumed equilibrium model of the radial motion
of z-pinches for his calculations. This model was based on Bennett relation, radiation losses
and Ohmic heating. In his work Shearer commented that in classical z-pinch discharge
the P-B current is constant, independent of density, temperature and radius. This would imply
that the pinch is in full equilibrium only when its current is equal to P-B current. However,
in reality the pinch plasma current will differ from the P-B current. Thus, the analysis needs
to be generalized permitting gain or loss of energy by the pinch. Shearer in his calculations
considered that Bennett equation is always valid so the processes that occur are isothermal
for given constant line density of particles as well as instabilities are ignored. Results
of Shearer calculations showed that if /,, < Ip_p the plasma column expands and if 7,, > Ip.p
the plasma column contracts (see section 2.1). In this second case, the self-constricting pinch
force keeps the pinch density high and the radiation loss rate exceeds the Joule heating.
Shearer commented that in the z-pinch devices equilibrium motion of the pinch (dynamic
balance) should be possible for these cases where the radial motion time constant is shorter
than the instability growth times. For a pure deuterium plasma pinch, this is fulfilled only
for extremely dense, low-temperature conditions that usually do not match the experimental
ones. But if the deuterium plasma contains some impurity ions the radiation losses
are enhanced and the consistency with conditions achieved in the experiment is improved.
Finally, Shearer stated that this model predicts that the pinch radius will approach to zero
when the current is higher than the P-B current but one would expect that many additional
effects exist that would terminate the contraction or disturb it [Shearer 1976]. Next 42 years
of research gave some interesting and controversial results. The selected important ones
are mentioned below.

2.3.3. Modeling of plasma radiative compression — Vikhrev code

In 1977 V. V. Vikhrev published an article describing relatively simple 0/1-dimensional
computer code [Vikhrev 1977]. The code (including next versions) enabled effective
simulation of plasma radiative compression development in a dynamic z-pinch operated
with hydrogen or deuterium including small admixtures of high Z working gases
[Vikhrev 1978a], [Vikhrev 1978b], [Vikhrev 1980], [Vikhrev 1986]. This model was next
developed by Vikhrev and K. N. Koshelev enabling simulations of discharges in vacuum
spark systems [Vikhrev 1982], [Koshelev 1985]. The codes were based on a model which
assumed that after a first compression due to an m = 0 MHD instability energy losses caused
by line radiation and by plasma outflow lead to a further rapid compression, accompanied
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by a strong increase of electron temperature and density. The computations included
following effects: the inertia of the radial motion of the matter, approximated plasma outflow
(decrease of plasma particle number and plasma column energy), lowering of current
as a result of growth of inductance and resistance of plasma column, anomalous plasma
heating (anomalous resistance) as a result of micro-instabilities development in the column
(for instabilities with lowest excitation threshold), viscous heat release, bremmstrahlung
radiation transport in ‘“gray body” approximation (kinetic and transport coefficient
are independent of radiation frequency), pressure of degenerated electron gas and plasma
heating with nuclear fusion products. The results from the Vikhrev codes suggested
that plasma radiative compression develops only in pinch where the initial linear
concentration of particles is higher than 10*' per cm. The significant grow of concentration
of particles in plasma pinch occurs when the power of radiation losses exceeds the power
connected with plasma particles outflow. And the radiative compression can be stopped when
one of the the following is valid: plasma becomes degenerated, significant growth of plasma
opacity (growth of optical density) will take place and significant growth of anomalous
plasma resistance will occur [Vikhrev 1978a], [Vikhrev 1978b], [Vikhrev 1980],
[Vikhrev 1982], [Koshelev 1985], [Stepniewski 1995].

2.3.4. Microstructures in z-pinch discharges

In 1988 articles concerning formation of micro-pinch structures during plasma-focus
discharges in the presence of small impurities of heavy gas were published by Koshelev et al.
[Koshelev 1988] as well as 1. V. Volobuev et al. [Volobuev 1988]. The articles suggested
that formation of hot-spots can be the effect of local radiative compression.

Koshelev et al. [Koshelev 1991] and N. R. Pereira et al. [Pereira 1988] presented
the experimental and computation results of the plasma radiative compression in vacuum
spark systems. They observed small glowing spots: the small plasma dots (a few microns
in size, a high density of about 10* particle/cm’ and electron temperature equal or above
1 keV) and the large plasma speckles/dots (one order of magnitude larger in size and two
order of magnitude lower densities then the small one). Koshelev reported formation
of micro-pinch like structures (hot-spots) in wire-array, gas-puff and plasma-focus systems
and noted that many characteristics of the plasma points are successfully reproduced
by the Vikhrev model. Moreover, it was stated that the final pinch structure changes
significantly with different z-pinch device used and with admixture of elements with higher Z.
For example in vacuum sparks strong X-ray line radiation emission from helium-like
and hydrogen-like ions was registered during experiments with admixture of Mg, Al and S.
Additionally, if total power of X-ray line radiation and recombination radiation is K times
bigger than total power of radiation emission from pure hydrogen plasma then the
P-B current should decrease K” times (suggested also by Vikhrev computations).

Pereira [Pereira 1988] summarized the recent experimental data from reliable z-pinch
experiments (with well-defined parameters) and presented an overview of theoretical issues
concerning radiation production in the pinch plasma including micro-pinch discharges
and their radiation output. He suggested that in z-pinches (except vacuum sparks)
the mechanical balance is difficult to achieve and sustain and radiation losses are relatively
slow in time. Nevertheless, some data and photos in XUV and soft X-ray radiation showing
plasma pinch compression from discharges in Kr confirmed a high compression, small pinch
radius and large emission of EM radiation. Wherein, in presented discharges in the final stage
plasma column transformed into micro-pinches and no analysis of radius values were given.

The codes developed by Vikhrev et al. [Vikhrev 1982] and by Koshelev et al.
[Koshelev 1985] were used also by M. Hebach et al. [Hebach 1993]. Hebach compared
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the computed (based on Vikhrev code [Vikhrev 1982], [Koshelev1985]) and the experimental
results from micro-pinch discharges. The soft X-ray radiation (as a function of time)
from small magnesium glowing points (helium-like) was registered using a streak camera.
The micro-pinch discharges were performed in classical linear z-pinch, gas-puff
and plasma-focus systems operated with heavy gases or with addition of heavy gases
to a light discharge gas. Pinhole pictures revealed that the most intense X-rays were emitted
from several or even a series of bright spots situated along the axis of the plasma column.
The registered glowing points consisted of hot plasma and had subnanoseconds lifetimes.
Very good match of measured and computed data was achieved concerning times of radiation
emission and sizes of glowing points — the local plasma radiative compression was believed
to be observed.

The effect of transition of plasma column into micro-pinch structures was also studied
later by R. Lebert et al. [Lebert 1995] during discharges in pure high Z gases. Lebert stated
that for element with Z < 18 (nitrogen or neon) K-shell emission is observed
from column-like volumes several 100 pum in diameter and several mm in length (bulk
or column mode). For Z > 18 (krypton or xenon) only emission of electromagnetic radiation
with energy above | keV was observed from micro-pinches. And for Z = 18 (argon) both
modes of operation could be observed. Lebert tried to find criterion for transition into
different modes. He presented photos acquired using temporal integrated pinhole images
of the SXR emission as well as streak images of SXR emission. Both micro-pinch and column
modes were observed. Lebert stated that the transition into modes is connected
with characteristic currents: the pinch current (determining the kinetic energy
of the collapsing ions), the critical current which is a generalized Pease-Braginskii current
for not totally ionized plasma (determining whether radiative collapse can be achieved)
and the shell current estimated from Bennett equilibrium (determining whether a closed
electron shell is ionize in the initial bulk plasma). If the pinch current is larger
than the P-B current, then the radiative collapse is possible and if pinch current is larger
than the shell current (characteristic for K, L and M shells), then the shell is ionized.
Moreover, Lebert suggested coupling of these currents into one dimensionless parameter.
If this parameter was bigger than 1 column mode would appear (global radiative compression
of entire column) and if the parameter was smaller than 1 micro-pinch mode would appear
(local radiative compression).

2.3.5. Modeling of plasma radiative compression — Apruzese and Kepple

J. P. Apruzese and P. C. Kepple [Apruzese 1989] published results of computations
concerning plasma radiative compression and reduced P-B current in z-pinches. Their code
included a detailed radiation transport model (X-ray line radiation) including 511 independent
spectral lines and the possibility of self-absorption of each type of line. Computed dependence
of the P-B current from particle concentration for few different plasma temperatures
was presented by the authors. The computed P-B current in Kr discharges was about 100 kA
for 10" particles per cm® for all presented plasma temperatures (0.4-1.0 keV) thus a radiative
compression was possible (the computed values of the P-B current were significantly smaller
than those in pure H or D). Furthermore, the P-B current values increased in this model
with increase of the plasma concentration (even up to 1 MA for 0.4 keV temperature
and 107 particles per cm’).
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2.3.6. Analysis of radiative compression by Meierovich

B. Meierovich in a series of articles published results of MHD computations concerning
the plasma radiative compression effect in some astrophysical situations using his dynamical
model [Meierovich 1982], [Meierovich 1984], [Meierovich 1985], [Robson 1989a],
[Stepniewski 1995], [Haines 2011]. In this model Meierovich considered plasma radiative
compression on the assumption that the current flowing through the plasma column
is far greater than the P-B current as well as that a relative drift velocity is much greater
than the thermal speed of plasma particles. Thanks to these assumptions he managed
to achieve self-similar solutions describing the dynamic of compression and equilibrium
conditions of the last stadium of evolution of heavily degenerated plasma. However, further
investigation of other authors undermined Meierovieh work criticizing his main assumption
of I,, >> Ipp [Robson 1989a], [Stepniewski 1995]. Still, the published articles suggested
that relativistic beams lead to a breakdown of quasi-neutrality state, but they are also likely
to lead to micro-instabilities and anomalous resistivity [Haines 2011].

2.3.7. Modeling of plasma radiative compression — Jach

In results of computations presented in an article by K. Jach from 1991 no radiative
compression was observed [Jach 1991] despite the fact of an exceeding P-B current value.
The computations were performed for discharges in gas-puff systems operated with neon.
In the averaged transport model which was used plasma entered quickly the higher opacity
state (smaller radiation losses), and plasma dynamic was driven by the development
of MHD instabilities [Jach 1991], [Stepniewski 1995].

2.3.8. Experiments in gas-puff system by Bailey

In the 1980s J. Bailey et al. published results on experimental observation of plasma
compression and compared them with a simple model (calculations). The experiments were
carried out in a gas-puff device operated with D, and a mixtures of D, with Ar [Bailey 1982],
and He, Kr and mixtures of He with Kr [Bailey 1986]. In the first article the authors
did not mention plasma radiative compression in pure D,, and for D,+Ar mixtures separation
of D and Ar plasma in the pinch was stated (D in inner column and Ar in outer ring).
The mechanism of separation was not explained. The authors reported stability of plasma
column for about 40 ns time in total and decreasing of the plasma pinch radius with increasing
of Ar doping. Adding small amounts of Ar percentage resulted in a more uniform, efficient
and stable pinch. Still, there was no hint of plasma radiative compression and P-B current
calculation [Bailey 1982]. On the other hand, the results from pure Kr and He+Kr mixtures
are interpreted as the occurrence of plasma radiative compression. The data achieved using
X-ray diodes and a Mach-Zehnder interferometer showed the increase in plasma
concentration and the reduction in pinch radius. It was also stated that the results
are in agreement with simple calculations based on an energy balance equation which enabled
time-resolved estimation of the plasma temperature. The model showed that the measured
radiation from the He-Kr mixture is sufficient to cause the temperature of the mixture plasma
to increase more slowly than with pure helium plasma. And the slower temperature increase
resulted in smaller finite plasma column radius (because the magnetic pressure compresses
the plasma until the temperature is high enough to cause internal plasma pressure balances
the magnetic pressure). In this work P-B current was not calculated — author based also only
on power of radiation losses [Bailey 1986].
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2.3.9. Experimental discharges in thin frozen deuterium fibers

The effect of plasma radiative compression was also considered during discharges
in linear thin frozen deuterium fibers. Sethian et al. in the article [Sethian 1987], J. Hammel
in the article [Hammel 1989] and P. Sheehey et al. in article [Sheehey 1992] presented results
of such discharges. These experiments turned out to be different from standard z-pinch
discharges in gases — there was no gas sweeping through current sheet and no compression
phase as in gas z-pinches. The pinch radius of the fiber changed insignificantly during current
increase, while the calculated times from the hydrodynamic equations predicted significantly
shorter plasma pinch existence. In fact, results presented by Sethian showed
that as long as the current derivative over time increased the fiber plasma was stable — about
130 ns time of stability was maximally achieved for the 80 um fibber in radius and 640 kA
of maximum current [Sethian 1987]). However, when the current reached its maximum
the m = 0 MHD instability appeared, high neutron yield was produced and compression
ended (regardless of the current magnitude and time to reach the maximum). The initial
assumption presented by Hammel showed that the P-B current should be reached during
the discharge through a frozen deuterium fiber of 30 pum in radius (about 1.4 MA)
[Hammel 1989]. During the experiments a very fast current rise to its maximum (about 100 ns
only) was observed. A very dense plasma and a Bennet equilibrium temperature of about
10 keV should be achieved for a 1.4 MA reached. However, ultimately a dense plasma was
achieved for a short time but no radiative collapse or at least a contraction was clearly
identified [Sheehey 1992], [Stepniewski 1995], [Akel 2016b]. The 1/2-dimensional resitive
MHD simulations performed together with experiments showed that when the fiber was
becoming fully ionized a rapidly developing m = 0 instability appeared, which originated
in the corona surrounding the fiber, driving intense nonuniform heating, rapid expansion
of the plasma column and dropping densities orders of magnitude below the near-solid
densities desired for fusion conditions [Sheehey 1992].

2.3.10. Computations concerning radiative collapse in z-pinch including discharges
in thin frozen deuterium fibers

Computations of discharges in z-pinch configuration including equivalent electric circuit
equation were published in 1989 by M. Haines using analytic 0-dimensional model
[Haines 1989] and by A. Robson [Robson 1989a] for discharges in hydrogen and helium
as well as by W. Thornhill et al. [Thornhill 1989] for frozen deuterium fibers with relatively
slowly rising current. The computations included in the models following effects: change
of plasma temperature, change of plasma concentration/density, plasma self-absorption,
degeneration of electron states.

The results of simulations present by Robson suggested that the maximum plasma density
during discharge increases by the addition of series inductance inside the vacuum chamber.
And in most cases the maximum density was limited by the pinch becoming optically thick,
although for low line densities and large series inductance the maximum density
was determined by onset of electron degeneracy. Robson’s computations also suggested
that the pinching effect in hydrogen plasma leads to denser collapsed states than in helium
plasma. Moreover, Robson presented graphs showing a dependence of the P-B current
from pinch radius for different linear plasma particles concentrations [Robson 1989a].
The curves suggested the existence of a minimum of the P-B current (not for the value
of minimum pinch radius). And for smaller linear concentration there was bigger chance
of plasma instabilities development and thus increase of resistance — smaller compression not
possible. And for higher linear concentrations compression was weaker because of plasma
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internal pressure increase. Nevertheless, significant plasma pinch radius decrease was
achieved in computations — 6.5 x 10”7 ¢cm — for 17.1 keV of plasma temperature and constant
dl/dt = 10 kA/ns in hydrogen. This decrease of pinch radius was accompanied
with an increase of the plasma ion number density up to 10%° particles per cm’
[Robson 1989a].

The result obtained by Haines [Haines 1989] using his 0-dimensional model suggested
P-B current value of about 1 MA and a maximum current equal to 30'5Ip_3 when dl/dt
is constant. However, in reality when an external circuit equation was included into
the computations it prevented the occurrence of such high current due to too low voltage
of the power source. Maximum ion number densities achieved by Haines were at the level
of 10°°/cm’ while the P-B current was reached. The maximum densities were limited
by the resistance and inductance of the narrow column. The minimum current following
the maximum density (drop of current at the beginning of radiative compression after
P-B current was exceeded) was shown to be higher than /p 5/2. Degeneracy effects were not
included into the model.

The results obtained by Thornhill were performed for slowly rising current of about
3 kA/ns which was theoreticly powered by constant generator voltage of 200 kV during
discharge in thin frozen deuterium fiber. Electron degeneracy was accounted
for in the pressure. But the resistivity was taken (Spitzer resistivity) as purly classical —
no anomalus resistivity. Moreover, transition of bremstrahlung spectrum from thin to thick
during collapse was present in the computations. The computed total yield of X-ray radiation
under 10" line density was stated as equal to about 60-80 kJ with energies of about 3 keV
during radiative collapse. The current was maximally equal to 1 MA and constant until
radiative compression and the minimum pinch radius during discharge of about 10~ meter
was acquired. The simulated discharges were characterized by relatively long implosion time,
which gave rise to a slower heating and compression of plasma. Robson commented
that higher plasma temperatures and consequently more high-energy photons is acheived
with discharges in deuterium than in the same discharges in higher Z materials. Although,
plasma during discharges in higher Z material begins to radiativly collapse earlier since high Z
plasma emits more efficiently X-ray radiation. Furthermore, discharges at given line density
and external power source parameters were not very sensitive to the initial temperature
and density of the fiber. The changes of the line density resulted in significant changes
of the profile of the radiation spectrum but not of the total emitted radiation. Ultimately,
the results were based on the assumption of stable plasma compression (Bennet equilibrium
conditions) throughout entire plasma pinch evolution (as was during simulations of Haines
and Robson).

The computations performed by Haines, Robson and Thornhill included some unrealistic
conditions and differed from results achieved by Vikhrev. In fact, there was a non-physical
result present in these computations — drift velocity of particles at the border of the pinch
was increasing to infinity (assuming constant current density). In order, to get rid of this effect
Robson made the assumption that anomalous plasma resistivity modifies the plasma density
and current profiles in such a way that the drift velocity is everywhere smaller
than the characteristic velocity of sound [Robson 1989b], [Robson 1991], [Stepniewski 1995].
Introducing this assumption into his code Robson created an averaged code. Results achieved
from this code showed that P-B current value is higher than the previously calculated classical
value and it is dependent on plasma particles line density. To achieve plasma radiative
compression threshold value of constant current growth had to be also exceeded. Hence,
the value of dl/dt increased with decreasing of plasma linear concentration [Robson 1991],
[Stepniewski 1995].
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The effect of plasma radiative compression was also modeled by J. P. Chittenden et al.
and it was dedicated mostly to frozen deuterium fibers. The computations were based
on 1-dimensional MHD equations coupled with the equation of equivalent electric circuit
of the z-pinch device [Chittenden 1989], [Chittenden 1990], [Stepniewski 1995]. This model
enabled tracing of pinch evolution from early cryogenic stadium up to degeneration
of electron states and ion component becoming strongly non-ideal. A number of atomic
and plasma effects were included in the model but the anomalous plasma heating was not
included. Presented results suggested that increase of inductance alone does not stop
the compression. The compression is stopped because of increase in plasma optical density
and internal plasma pressure. For the lower linear initial concentration (smaller radius
of fiber) compression is faster but the maximum compression state is shorter.
Increasing length of fiber increases plasma pinch inductance and makes it more difficult
to reach P-B current value but ultimately it leads to higher compression (bigger concentration
of particles). Best compression parameters achieved using this model is: about 10° cm
of minimum pinch radius and up to 10%" particles per cubic cm [Chittenden 1989],
[Chittenden 1990], [Stepniewski 1995].

2.3.11. Modeling of plasma radiative compression — Bernal and Bruzonne

In 2003 also I. Bernal and H. Bruzonne published an article [Bernal 2002] in which
the problem of radiative collapse with axial mass losses was approached one more time
theoretically. Their approach was based on using 1/2-dimensionall numerical model with pure
bremsstrahlung as the source of radiation including, anomalous resistivity and axial mass
losses. The results showed both upper and lower limit value of the pinch current for plasma
radiative collapse occurrence. The authors also stated that there is a minimum initial pinch
radius required (which depends on the initial particle density) to obtain radiative compression.
Moreover, authors stated that the axial mass losses make it more difficult for radiative
collapse to occur because they enhance anomalous resistivity heating.

2.3.12. Experiments in linear z-pinch by Bogomaz

In 2008 A. A. Bogomaz et al. in [Bogomaz 2008] article stated the attainment
of Pease-Braginskii current in an ultra high pressure discharge. The experiments were
performed using deuterium and helium at current amplitudes of 0.5 MA to 1.6 MA and 5 MPa
to 35 MPa of pressure. Linear z-pinch configuration was used and streak camera for pinch
imaging. Contraction of the current channel was observed and was explained as result
of exceeding of Pease—Braginskii critical current. Bogomaz also stated that theoretical value
of the P-B current for discharges in vacuum is about 100-200 kA. The increase in the critical
current to about 1 MA for given experiments is attributed to the absorption of channel
radiation in the dense ambient gas (hydrogen and helium) as well as by an increase
in the number of metal ions per unit length of the discharge channel. Moreover, the presence
of a dense gas shell around the discharge channel was stated as well as formation
of high-temperature zones. The mechanism responsible for the formation of these zones
was to be similar to that responsible for the generation of hot-spots in vacuum discharges.

2.3.13. Modeling and experiments of plasma radiative compression — Lee, Akel
and Saw

In 2013 S. Lee and M. Akel started their theoretical investigations of plasma radiative
compression using newly developed 0/1-dimensional 5-phase Lee model code
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which simulates discharges in plasma-focus systems. In the published articles in 2013
[Lee 2013] [Akel 2013] authors described conditions during radiative compression
in plasma-focus systems operated with argon, krypton and xenon. It was stated that in pure
hydrogen or deuterium pinch the radiation-cooled threshold current is about 1.6 MA.
However, when discharges are performed in gases undergoing line radiation strongly
the radiation-cooled threshold current is considerably lowered. Authors showed that equations
used in Lee model code can be used to approximately compute this lowering and to show
the effect of radiation cooling leading to radiative collapse. Numerical experiments based
on previously experimentally fitted model parameters were carried out and demonstrated
that during plasma-focus discharges in Ar, Kr and Xe radiative collapse of column
can be observed while pinch current is equal to about 50-100 kA only.

In 2016 Akel et al. publish experimental results concerning plasma radiative compression
in plasma-focus PF-1000 device operated with D,, He, Ne and mixtures of D, and Ne
[Akel 2016b]. The results of the experiments presented some measured values of plasma
pinch radius acquired through means of laser interferometery for 18 discharges in total.
The measured values of minimum pinch radius were also computed using Lee model code.
For discharges in Ne plasma radiative compression was stated. However, no reconstructed
images from interferometer or information about contraction was given — did the entire
column contracted or just the micro-pinch appeared. Moreover, the computed results using
the code were partially in agreement with the measurements — the computed values of plasma
pinch radius were usually bigger than measured.

Additionally, three more articles concerning theoretical and experimental studies
of plasma radiative collapse in PF-1000 device as well as in PF400 and INTI PF were
published in 2016 by Lee [Lee 2016], Akel [Akel 2016a] and S. H. Saw [Saw 2016].
In the first article [Lee 2016] results of numerical experiments carried out using
the Lee model code operated as PF-1000 facility were presented. The computations included
theoretical discharges in PF-1000 in D,, He, Ne, Ar, Kr and Xe. The characteristic time
of radiation depletion was defined and used as an indicator for the expectation of radiative
collapse together with the reduced P-B current. The simulation indicated that during
discharges in D, and He the radiation powers were small resulting in such long depletion
times that no radiative collapse may be expected in the lifetime of the focus pinch.
On the other hand, during discharges in Ne significantly more radiation is emitted in form
of line and recombination radiation (bigger total power of radiation emission) resulting
in relatively small but visible radiative radiative compression. Moreover, for discharges in Ar,
Kr and Xe the characteristic time of radiation depletion was only but a small fraction
of the estimated pinch duration in pressure balance. Thus, strong radiative collapse
was anticipated for PF-1000 operated using these gases. Furthermore, in performed
computations radiative collapse was stopped mainly because of plasma self-absorption.
Authors also mentioned that the code enables only contraction of the entire plasma column
without any breakups or existence of hot-spots which was observed in different previous
experiments. Such breakups may lead to localized enhanced compression and may tend
to make it easier for radiative collapse to occur (locally).

In the second article [Akel 2016], Akel investigated theoretically using Lee model code
effects of power terms and thermodynamics on the contraction of plasma pinch in different
plasma-focus devices (PF-1000, PF400 and INTI PF) operating at different bank energies.
The power terms included Joule heating and X-ray bremsstrahlung, line and recombination
radiation emission. The simulations were carried out for different filling gases — N», O,, Ne,
Ar, Kr and Xe. Results showed that plasma radiation losses enhance the contraction of plasma
pinch within suitable pressure ranges characteristic for each machine and for each working
gas discussed in the article. The radiation enhancement of compression increases
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with the atomic number of gas. And by comparing the radius ratio versus pressure curves
in each gas for each of the three devices, it is noticed that the operational, geometrical
and electrical parameters of the devices have an important role in determining the degree
of radiative compression and the operational regimes.

In the third article by Saw [Saw 2016], comparison of computed and measured current
traces was performed. However, no information was given on the number of discharges which
were actually compared. The article reports that good match between computed and measured
current traces were achieved in the important part of current waveforms. The article
also confirms the computed values of the P-B current and the reduced P-B current
for different gases (D,, He, Ar, Kr, Xe) — similar as in other publish articles of Lee and Akel.
But the experiments were actually carried out only in Kr in the small energy bank PF machine
(INTI PF). The so called cut-off radius effect was successfully removed from the Lee model
code in the presented results of computations. The final results show radiative compression
of Kr plasma up to a minimum of 0.0013 c¢m in radius and 3.7 x 10** m™ in ion number
density.

Summarizing section 2.3, many different simulations and modeling were performed
during past 43 years of research for different z-pinch systems and working gases (or thin
frozen fibers). The used models were developed by different authors and often included
different effects introduced over the decades of research. Also, different indicators
and parameters of plasma radiative compression were investigated over the decades
of research like: the P-B current, the reduced P-B current, the maximum discharge current
during plasma radiative compression, the minimum discharge current during radiative
compression, the pinch current, the shell current, the value of constant current increase
with time, the characteristic bremstrahlung radiation emission yield and spectrum,
the characteristic radiation depletion time, the characteristic compression time,
the characteristic pinch lifetime, the characteristic time of MHD instabilities development,
the initial linear plasma density, initial volumetric plasma density, initial plasma pinch radius
and initial pinch length. Most of performed computations concerning plasma radiative
compression were performed using 0/1-dimensional computer codes.
Some of the computations predicted the plasma radiative compression effect occurrence
(especially for micro-pinch discharges) while other did not. The results of computations based
on 0/1-dimensional Vikharev and Koshelev codes simulating micro-pinch discharges appear
to give one of the most compatible results with the experimental results so far (perhaps
the most compatible of all). Presently, results of computations based on modern models,
which appear to include most of important effects, often predict occurrence of plasma
radiative compression in z-pinch systems (when high Z working gases are used).
For example the 0/1-dimensional Lee model code, which simulates discharges
in plasma-focus devices, predicts the possibility of occurrence of strong plasma radiative
compression phenomenon. In general, the achieved experimental results are even more
contradictory as well as insufficient in number and presented data — inconclusive. Thus,
the question about plasma radiative compression phenomenon occurrence and conditions
achieved during z-pinch discharges is still open and needs further investigation.
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3. Fusion neutron emission from z-pinch and plasma-focus
devices

In the 1950s, the concept of nuclear fusion reactor based on z-pinch type of devices was
strongly investigated. Since then, general interest in fusion neutron production and emission
from z-pinch became very high [Velikovich 2007] [Sadowski 2012]. The most often
investigated reaction in z-pinch has been nuclear fusion of deuterium nuclei. The main
branches of this reaction are following [Sadowski 2005]:

D +2D — T (3.02 MeV) + p (1.01 MeV) + 4.03 MeV,
’D +°D — *He (0.82 MeV) + n (2.45 MeV) + 3.27 MeV,

In the above reactions, D is deuterium nucleus, °T is tritium nucleus, *He is helium-3
nucleus, p is proton and n is fast neutron. The probability of occurrence of each reaction
branch is equal. In order to perform this type of fusion reaction deuterium nuclei need to have
kinetic energies high enough in order not to be repelled by the Coulomb repulsion forces.
The two general mechanism of fusion (neutron production) are beam-target
and thermonuclear. In z-pinch devices both of these mechanisms appear to be possible
and present. In plasma-focus discharges usually the beam-target mechanism is stated
to be the dominating one (responsible for production and emission of most of fusion neutrons
during discharge) and different models and possibilities of ion acceleration have been studied
[Bernstein 1970], [Jager 1987], [Bernard 1998], [Scholz 2006], [Schmidt 2006],
[Gribkov 2007], [Kubes 2010], [Kubes 2019a], [Kubes 2019b]. However, in general to this
day there is no agreement in which mechanism is actually the dominating one in the z-pinch
and under what conditions of discharge which mechanism should become the dominating one
[Anderson 1958], [Bernstein 1970], [Velikovich 2007], [Klir 2018], [Zhang 2019].
This problem is important since it determines the conditions/parameters of plasma which must
be obtained during the discharge in order to perform controlled nuclear/thermonuclear fusion
more efficiently and possibly create a fusion power reactor based on a z-pinch device — total
neutron yield has been stated to be one of the main indicators of performance of plasma
fusion devices.

3.1. Fusion neutron emission from z-pinch discharges in D,

Among many facts concerning fusion neutron production and emission in z-pinch devices,
which have been determined during decades of research, one of the most important
is the change of dependency of total D-D fusion neutron emission with initial deuterium
pressure and existence of maximum [Anderson 1958], [Rapp 1973], [Jager 1987], [Lee 2009],
[Abdou 2012]. These types of dependencies are presented in Figure 3.1.1 and 3.1.2
as an example.

The effect presented in figure 3.1.1 and 3.1.2 has been observed in many different
z-pinch devices during different experiments and is still reported [Anderson 1958],
[Rapp 1973], [Jager 1987], [Lee 2009], [Abdou 2012]. Also, the author of this thesis
presented similar experimental results in the article [Marciniak 2018]. Wherein, in the results
presented in [Marciniak 2018] sudden drop of the average D-D fusion total neutron yield
was observed for higher initial deuterium pressure — see subsection 8.7.2. This suggested

37



3.1. Fusion neutron emission from z-pinch discharges in D,

rather the change of character of neutron production and/or it may be connected with higher
compression due to shift of the plasma column structure into the hole at the center

of the anode for most of discharges for lower initial pressures than 3.0 mbar (see subsection
8.7.2).
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Figure 3.1.1. Average total D-D neutron yield Figure 3.1.2. Total D-D neutron yield
versus initial deuterium pressure during dependence on initial deuterium pressure for
discharges in linear z-pinch operated with 30 discharges in KSU plasma-focus
kV of charging voltage [Anderson 1958]. [Abdou 2012].

In general, the effect presented in figure 3.1.1 and 3.1.2 is still not fully investigated
and understood — change of the dependency and reasons for decrease of average total neutron
yield during discharge under higher initial D, pressures. Regardless of what is the precise
mechanism, it appears that there is always some optimum initial deuterium pressure
and connected transfer of kinetic and magnetic energy from dynamic plasma structure into
the plasma column resulting in optimum parameters/conditions for D-D fusion neutron
production and emission. For example, in the Mather type of plasma-focus devices after
the break-down and build up of plasma sheet the magnetic piston moves along the anode
ionizing and sweeping the neutral gas in front (see subsection 2.2.2) similar to a snow plough.
The velocity of magnetic piston according to the snow-plough model [Anderson 1958],
[Gross 1971], [Potter 1971], [Liberman 1999] [Scholz 2004] (see subsection 2.2.2)
is determined by the total mass or density of gas between and in fron of electrodes.
So, the higher pressures of given gas type inside the experimental chamber lead in general
to slower sheet-shock structure movement. Moreover, during single discharge under given
initial total gas pressure the magnetic piston is acclearated along anode due to Ampere’s force
(back electromotive force working on the magnetic piston). This accleration process along
anode is stated for smaller and optimum initial pressures of given working gas like deuterium
(and under other constant operation parameters of the PF device). However, if the pressure
of a given working gas is increased above some optimum value then the magnetic piston
accleration along anode will not occure to full extent. This means, that the magnetic piston
will be acclerated along a part of anode’s length but at some point it will again start to slow

38



3. Fusion neutron emission from z-pinch and plasma-focus devices

down (under given operation conditions of the PF device). This is belived to be the effect
of too high mass inside the sheet-shock structure and in front of it — the back electromotive
forces (EMF) are unable to accelerate the piston to higher velocities. During this process
also the percentage of mass sweeping by the magnetic piston and amount of mass left behind
the structure may change. The changes of magnetic piston velocity influences the plasma
(discharge tube) inductance — higher velocity leads to higher values of plasma inductance.
And the increase of plasma inductance leads to decrease of discharge current. This is why
the maximum discharge current values increases with increase of initial working gas pressure
under given operation conditions of the device (assuming the device is operating below
optimum or at the optimum pressure). Summarizing, there is some optimum initial working
gas pressure for which the magnetic piston accelerates along entire length of anode resulting
in highest maximum current during discharge (achived at the end of run-down phase)
and connected optimum transfer of kinetic and magnetic energy into plasma pinch.
If the working gas is deuterium then this optimum transfer will result in the highest total
fusion neutron emission on average. Also, for the discharges with optimum mass (density)
between and in fron of the electrodes the sharp and narrow jump of discharge current
derivative over time and voltage during the radial compression phase appears suggesting good
plasma compression and confiment (well pinched plasma). And this again should result
in optimum transfer of kinetic and magnetic energy into plasma pinch and optimum values
of all parameters describing neutron emission like: maximum pinch plasma current, maximum
pinch ion temperature, maximum pinch ion density, minimum pinch radius, maximum pinch
length, etc, in reference to the highest average D-D fusion total neutron yield. In the graph
below three exemplary measured discharge current traces and corresponding three measured
discharge current derivative over time traces are presented — each set of / and dI/dt is ploted
for given discharge under given initial deuterium pressure while the rest of operation
parameters of PF device are kept constant.

The three presented discharges — #17060101, #17052303 and #17063019 — in figure 3.1.3
were carried in the PF-24 device (see section 5.1) under given constant operation parameters.
Theoreticaly the only parameter which changed during discharges was the initial deuterium
pressure py (in practice also Ly and R, appear to have changed insignificantly — see
section 7.2). The optimum pressure for the PF-24 device was stated as about 3 mbar
(about 0.4 mg of D, between electrodes) — see subsection 8.7.2 (under given operation
parameters). The total neutron yield per discharge (Y,) values were determined using
beryllium activation counter (see section 5.2). For the discharge #17052303
in 3.00(x0.01) mbar of initial D, pressure the highest value of ¥, = 9.5(+0.2) x 10° n/discharge
was stated in comparison to the discharges #17060101 and #17063019. Also,
for the discharge #17052303 the highest maximum discharge current and the smallest
discharge current derivative over time minimum was registered (“sharpest” dl/dt jump)
in comparison to discharges #17060101 and #17063019. The maximum current value
for discharge #17060101 and #17052303 is achieved approximately just before current drop
(at end of axial phase and at end of electrodes — see section and subsections 2.2.2., 5.3, 6.4.1
and 6.4.2) while for the discharge #17063019 the maximum current value is achieved earlier,
after about 1.48 ps.

Furthmore, because of this effect presented in figure 3.1.1, 3.1.2 as well as 3.1.3,
PF devices which have optimized operation parameters (primarily anode length inside
the experimental chamber, charging voltage and total capacitance of battery) and operate
under optimum initial deuterium pressure and mass/density inside the experimental chamber
(assuming constant operation parameters) in reference to the highest average total D-D
neutron emission are known as “neutron-optimized” or simply “optimized”.
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Figure 3.1.3. Measured discharge current (/) and discharge current derivative over time (dI/df)
for discharges: #17060101, #17052303 and #17063019. The discharge #17052303 was carried under
3.00(£0.01) mbar which was stated as the optimum deuterium pressure under given operation
parameters of the PF-24 device.

3.2. Fusion neutron emission from plasma-focus discharges in gas mixtures

Fusion neutron emission from z-pinch devices has been also studied during discharges
in gas mixtures with deuterium (usually under constant initial total gas pressure or constant
initial total mass). The results of investigations of plasma-focus discharges in mixtures
of deuterium with noble gas appear to have given some contradictory and questionable
results. In part of carried experiments the decrease of the average total neutron yield
with noble gas fraction (or pressure) was stated. On the other hand, in other experiments
increase in the average total neutron yield values was stated when the noble gas fraction
was increased in reference to the deuterium. The increase of the average total neutron yield
with noble gas fraction is rather questionable effect since it is believed that only the deuterium
ions are fully ionized and have enough kinetic energy to be the fuel for nuclear fusion.
So, simultaneous increase of the amount of noble gas and decrease of the amount
of deuterium (for example under constant total pressure of gas mixture) should rather result
in smaller average total neutron yield values since the amount of fusion fuel decreases.
However, there are other possibilities/concepts showing how the simultaneous decrease
in fraction of deuterium and increase in fraction of noble gas can increase the average total
neutron yield. Below discussion with a list of important results is given.

The influence of the gas mixture ratios on the structure of pinches [Bayley 1991],
[Antsiferov 1995], plasma density [Brzosko 1991], stabilized pinch column effects
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[Kies 1998], [Kies 2000] has been investigated and discussed. Moreover, experiments
on the 3.3 kJ plasma-focus device operated with deuterium and deuterium-argon admixtures
revealed an enhancement of the neutron yield by more than 80% as compared to pure
deuterium discharges when the deuterium filling gas is doped with 30% to 40% of argon
by mass [Yap 2005]. The presence of small amounts of high Z gas in the deuterium discharge
may induce the radiative collapse phenomena, resulting in the stronger pinching action.
A good compression and tighter pinch would lead to an effective increase in the interaction
time between the energetic ions and the hot plasma. The onset of instabilities and formation
of local necking in the plasma column after the focus phase can cause a severe disruption
and further enhances the acceleration of the deuteron beam [Gribkov 2007]. The maximum
neutron yield was achieved with 3% krypton seeding on the 90 kJ Filippov device and it was
found an order of magnitude increase in neutron yield with krypton admixtures
[Mohammadi 2011]. The results of the experiments on the Dena PF have shown that the use
of admixture gas can increase the numbers of neutron productions [Talaei 2010].
The registered increment was three times the value without the added particles for 1%
of krypton. It was postulated that by controlling the velocity of added particles one can
increase the current and decrease the plasma confinement time. It was further postulated
that the neutron production depends strongly on the pinch plasma current and weakly
on the confinement time [Gribkov 2007], [Lee 2008a]. Rossel and Choi [Aliaga-Rossel 1998]
used the DPF-78 device (60 kV, 28 kJ) with different admixtures of noble gases (Ne, Ar or Kr
with D;) and found a reduction in neutron yield for all admixture ratios. They also observed
an increase in the neutron emission anisotropy and changes in the pinching phase according
to the atomic number of doping. Furthermore, no correlation was observed between the total
neutron yield and the appearance of hot spots. For sub-kJ plasma-focus devices, the neutron
yield appears to be strongly consolidated compared to pure deuterium operation. Verma et al.
[Verma 2008] concluded that the addition of krypton gas resulted in higher radiation
emission, tighter compression and therefore a smaller final pinch radius. The higher plasma
density in the radiatively-collapsed pinched column for deuterium—krypton admixture
operation leads to neutron yield enhancement. For the 200 J FMPF-1 device, they reported
a maximum of 30-fold increase. For a 500 J PF device, it was found an increase of 5-fold
and 8-fold for neon and argon doping respectively [Bures 2009] and 3.6-fold on argon
and krypton doping [Bures 2010]. On the other hand, another carefully designed experiment
showed no such enhancement. A sub-kilo-Joule plasma-focus device (FMPF-3, 14 kV/235 J)
was operated with deuterium—krypton admixtures (of 1%, 2% and 5% Kr by volume) to study
the influence of the admixture ratio on the neutron yield. Experiments were performed
for different insulator sleeve lengths and cathode geometries. The results revealed that
for carefully optimized electrode geometry the highest average neutron yield is obtained
with pure deuterium as the operating gas, whereas krypton seeding leads to a reduction in the
neutron yield. Talebitaher et al. [Talebitaher 2016] argue that the electrode geometry
and electrical coupling play critical roles in determining the influence of gas admixtures;
and that for an optimized plasma-focus device D,+Kr admixtures may give little or no neutron
yield enhancement relative to pure D, operation and so the admixture operation
i1s an evaluation methodology to determine the level of optimization of device geometry.
One possible mechanism for enhancement is that the krypton seeding could enhance
the density of the pinch, by making the pinch more compressible by the dual effect
of radiative cooling [Lee 2013] and specific heat ratio [Talebitaher 2016]. Since, the krypton
ions are not fully ionized they contribute an inordinate proportion to the thermodynamic
degree of freedom of the ensemble, which reduces the SHR of the mixture to significantly less
than 5/3 of pure deuterium case [Lee 1983], [Lee 2013], [Saw 2014]. This increases
the compressibility of the krypton-doped deuterium. Furthermore, the presented results
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by Veloso et. al. [Veloso 2014] on 400 J plasma-focus showed that the argon doping
on deuterium discharges reduces the breakdown voltage needed to originate the initial plasma
sheet over the insulator surface. These obtained results are independent on the mixed gas
pressure and the load mass density. They also illustrated that the average axial velocities
of the plasma sheet and its geometrical shape and curvature remain nearly constant,
which point out that the global dynamics of the discharge remains invariable with the argon
doping; but the energy of the plasma components alters. This difference can be possibly
related to the differences on the final neutron emission of such configurations.
Besides, summary of the neutron yield variations emitted from the plasma-focus operated
with different admixtures of gases (He, Ne, Ar or Kr with D;) was also displayed
[Veloso 2014].

Summarizing, it is possible that the radiative compression phenomenon can cause
an increase in the average total neutron yield (in reference to the discharges in pure
deuterium) because of the significant increase in the ion number density of deterium
and decrease in the plasma pinch radius. Wherein, some researchers anticipate this effect
for the non-optimized devices since for these devices the initial total mass of gas mixture
between the electrodes is not optimum for the transfer of kinetic and magnetic energy into
plasma pinch during discharges in pure D,. However, under higher doping (assuming constant
operation parameters of the device) the total mass can become again optimal since the Ar ions
are about 20 times heavier than D ions — systematic decrease of D, fraction and increase of Ar
fraction under the same pressure increases the total mass in experimental chamber
and between electrodes. Thus, when the optimum total mass of gas mixture is used the kinetic
and magnetic energy transfer to the plasma pinch should be optimum and the plasma may
be better compressed and confined resulting in possibly higher total X-ray emission which
is especially important to radiative compression. Still, it is not clear whether discharges
in optimum or non-optimum deuterium pressure should cause increase in <Y,>
as well as should they be performed under constant total pressure of mixture or not (under
constant total pressure of gas mixture the amount of deuterium decreases with doping of noble
gas). Moreover, the doping with noble gas should change the specific heat ratio of the plasma
possible making it more compressible (easier to compress). In addition, the stability
and interaction time between plasma and beam of fast ions may increase when deuterium
is doped with noble gases, which should also influence the neutron emission.
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4. Aims of the thesis

After decades of research the behaviour of electron-ion plasma during z-pinch type
of electric discharges is still not fully understandable. One of the interesting topics which still
needs further investigation is the compression of plasma during discharges in pure noble
gases and in mixtures of noble gases with light gas like deuterium. During discharges in such
gases or gas mixtures the so called plasma radiative compression phenomenon, described
in the chapter 2 of this work, may occur under appropriate conditions [Shearer 1976],
[Stepniewski 1995], [Liberman 1999], [Haines 2011], [Lee 2016]. Another interesting topic
is the total emission of neutrons from the fusion of deuterium nuclei from the PF devices
operated with gas mixtures. Few authors stated the increase of the total average neutron
emission when deuterium was doped with different noble gases under constant total pressure
or constant total mass of mixture [Yap 2005] [Verma 2008] [Bures 2009] [Bures 2010]
[Veloso 2014] [Talebitaher 2016] — described in the chapter 3 of this work. The explanation
of this may be connected with the occurrence of the plasma radiative compression
phenomenon. Thus, the author formulates the following thesis: plasma radiative
compression phenomenon can occure during discharges in the plasma-focus PF-24
device operated with high Z gas and mixtures of deuterium with high Z gas. This thesis
assumes the four following aims:

1) Validation of the occurrence of the plasma radiative compression phenomenon
in the plasma-focus PF-24 device (presented in the chapter 5) through determination
of the approximated plasma parameters achieved during discharges in the PF-24 —
the achieved minimum plasma pinch radius, the total change in plasma pinch radius,
the highest plasma pinch density, the total change in plasma pinch density, etc
(assuming plasma pinch in a form of a cylinder in the dynamic pressure balance).

2) Determination of the indicators and parameters needed for the occurrence of the strong
plasma radiative compression phenomenon. This includes answering the question:
are the P-B current, the reduced P-B current, the current flowing through plasma pinch,
the characteristic time of radiation depletion, the radiative compression lifetime
and the pinch lifetime sufficient to make accurate predictions concerning relatively strong
plasma radiative compression occurrence (in reference to discharges without plasma
radiative compression occurrence — presumably discharges in pure D,)?
And also answering the question: are there other parameters which play an important role
in determining the occurrence and strength of the plasma radiative compression
phenomenon?

3) Verification if some increase in the average total neutron yield is observed when D, is
doped with Ar under constant total pressure of D,+Ar gas mixture. This assumes also
showing how much influence on the emission of D-D fusion neutrons has the doping
with argon and the radiative compression phenomenon.

4) Making an attempt of validation of the results acquired using the 5-phase Lee model code.
This includes answering the question: can the results of the study of the plasma radiative
compression phenomenon based on the theoretical and computed discharges performed
using the 5-phase Lee model code be able to describe well enough the real conditions
achieved during the discharges in the PF-24 device? This aim is important
because the results of plasma radiative compression investigation presented
in this work are based on the so called 5-phase Lee model code.
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5. Experimental setup and experimental plasma parameters

5.1. Plasma-focus PF-24 device

All experimental results presented in this work were obtained using plasma-focus PF-24
device operating in the Institute of Nuclear Physics Polisch Academy of Sciences in Cracow
in Poland [Marciniak 2016] — see figure 5.1.1. The device was constructed in 2013
and upgraded in the following years.

Transmission §

1 | |
Cclfector-j Bl

| | EEE T 717

| Outputsof | \ ‘ ‘ "
clectic AN
probes \ '

VIl ‘

| o
Condensers i@

| 1@

Eﬁﬁrt‘erital
chamber

Figure 5.1.1. The front view of the plasma-focus PF-24 device in the laboratory hall in the Institute
of Nuclear Physics Polish Academy of Sciences in Cracow in Poland.

5.1.1. Condensers and spark-gaps

The condenser bank of the PF-24 consists of 24 pulse condensers type IK-5/40 connected
parallel. Each condenser in connected through a single spark-gap with the anode plate
(see figure 5.1.1 and 5.1.2). The total capacitance of the condenser bank (Cp) is equal
to 116.12 pF and it can be charged with voltage (Up) from 16 kV to 40 kV. Thus, the total
energy that can be stored in the bank (Ej) is in the range of about 15 kJ to 93 kJ
[Marciniak 2016]. The inductance of the single condenser was determined as 40 nH.
Hence, the resultant total inductance of the bank L, = 40 nH/24 = 1.67 nH.

The spark-gap of the field distortion [Hussain 2007] IFD-40 type was developed
and integrated with the condenser IK-5/40. The integration involves the use of a condenser
construction as a spark-gap component. This idea is shown in figure 5.1.1. The brass rods
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of the shape shown in figure 5.1.2 were used as the electrodes of the spark-gaps. The steering
electrode (trigger electrode) made of cooper wire was placed at 1/3 of the distance
from the upper electrode. This type of integrated construction of condensers and spark-gaps
should ensure approximately simultanious energy release from all condensers in bank
with jitter up to about 50 ns.

a) b)

840

Electrode

Figure 5.1.2. a) Projection of the three-dimensional model illustrating connection of the spark-gap
IFD-40. b) Projection of the three-dimensional model and diagram showing profile of the electrodes
used for construction of the three-electrode spark-gap IFD-40.

The spark-gap is a closed construction, able to work with gas pressure up to 1.6 bar.
The breakdown voltage dependence on the pressure has a linear character — for example
at the pressure of 0.2 bar and 1.2 bar the breakdown voltage is equal to about: 24 kV
and 34 kV, respectively. Presently, the 0.11 bar of atmospheric dried pressure is used
and 23 kV. The inductance of single spark gap was determined as 30 nH. Hence, the resultant
inductance of all spark gaps L; =30 nH/24 = 1.25 nH.

5.1.2. Transmission cables and collector

The connection of the condensers and spak-gaps with the collector (see figure 5.1.1
and 5.1.3) is made by 3.5 m long coaxial wire (type RG 213/U — 2.25/7.25). In order to reduce
the transmission path inductance, each of the condensers is connected with 18 cables grouped
in the three modules, six cables each. The inductance of each single cable is determined
as 875 nH. Hence, the resultant inductance of all transmission lines (single connection path)
achieved L, = 875 nH/(18 x 24) =2.03 nH.

The schematic diagram of the collector, the vacuum chamber and the electrodes
of the PF-24 plasma focus device is presented in figure 5.1.3. The collector is built with two
parallel stainless steel plates, separated by an isolator. The first plate has the same electric
potential as the anode and the second plate has the same electric potential as the cathode
(common ground). The inductance of the collector L. = 2.52 nH.
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Figure 5.1.3. The scheme of system of the collector, the vacuum chamber and the electrodes
of the PF-24 device (side view).

5.1.3. Experimental chamber with electrodes

The experimental chamber is a stainless steel vacuum vessel (see figure 5.1.1, 5.1.3
and 5.1.4) 40 cm long and 32 cm in diameter. The pumping system ensures a high vacuum
in the chamber at the level of 10 mbar.

The PF-24 device has Mather type of electrode layout inside the vacuum chamber —
see figure 5.1.4. The anode (inner electrode) is made of one single solid anaerobic copper rod
placed in the center of the chamber. The rod is 25 cm long and 3.1 e¢m in radius (ay).
Wherein, the effective length of the anode inside the chamber is equal to about 17 cm (zy).
The cathode (outer electrode) is made of 16 stainless steel rods placed uniformly
on the circumference of the circle. The radius of the circle is 5.5 cm and each rod has
a diameter of 1.2 cm and length of 17.4 cm (the effective length inside the chamber is about
17 cm). The cathode radius minus the radius of single cathode rod is called the reduced
cathode radius (by) and is equal to 4.9 cm. The anode and the cathode are separated using
Al,O3 ceramic isolator in form of a ring placed on the anode next to the collector (back wall
of the experimental chamber) — see figure 5.1.3 and 5.1.4. The isolator is 6 cm long (about
4 cm of length inside the chamber) and about 0.4 cm thick. The inductance of the isolator
covered with thin current sheet is established as L;; = 1.20 nH.
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Figure 5.1.4. The open experimental chamber of the plasma-focus PF-24 device.

5.1.4. Total static inductance and resistance

The nominal, total, static inductance of PF-24 device L, can be considered as the sum
of Ly, Ly, L, L. and L;. Thus, the L, = 8.66 nH. This result was confirmed with the
short-circuit tests connected with damped RLC circuit calculations (see subsection 2.2.3)
[Mather 1971], [Bernard 1998], [Karimi 2017]. The short-circuit tests were carried out
with 16 kV of charging voltage and D, pressure from 20 mbar to 25 mbar. The calculations
based on short-circuit tests gave in the idealized case (simultaneous release of entire energy
from all condensers and discharge in one current channel) the value of the nominal, total,
static inductance Ly,"* = 8.5(x3.1) nH and the nominal, total, static resistance
R, =3.1(+2.3) mQ for the PF-24 [Krol 2015]. Thus, for 17 kV of charging voltage,
the quarter period time (#;.) should be equal to about 1.4 ps and short circuit-current (/s.c)
should be about 1.5 MA.

5.2. Neutron counter and total neutron yield

The phenomena accompanying plasma compression can be studied using fusion neutrons
emitted from the plasma. A neutron activation counter consisting of a beryllium plate was
used to measure a total yield of fast neutrons (V") emitted during a single discharge
[Bienkowska 2014]. The device registers characteristic 2.45 MeV neutrons from D-D nuclear
fusion emitted from the experimental chamber of the PF-24 device. The counter operation
bases on the following nuclear reaction and decays: *Be(n,a)°He — °Li + p". The cross section
for the *Be(n,a)’He activation reaction results in a maximum sensitivity to neutrons with
2.5 MeV energy and practically no sensitivity to neutrons with energies less than 1 MeV.
The °He isotope decays to °Li with a half-life time of 0.807 s through B~ decay.
Then the electrons can be easily registered using a large gas area SP-126C proportional
counter (produced by Canberra).
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The counter was calibrated by means of Monte Carlo simulations (MCNP code)
and the measurements with Pu-Be source in order to assess the total number of neutrons
emitted during single PF-24 discharge: Y,"“ [Bienkowska 2014]. The calibration coefficient
is equal to 2.00(x0.04)x10° n/count [Bienkowska 2014]. The sensitivity threshold
of the counter is at the level of about 10°-107 n/discharge.

5.3. Electric diagnostic systems — determination of experimental plasma
parameters

5.3.1. Electric probes and acquired electric traces

The phenomena accompanying plasma compression can be studied using the changes
of electric current flow in the system. The plasma-focus PF-24 device was equipped with two
electric indeptendent diagnostic systems — the Rogowski coil and the magnetic probe.
Both electric probes are standard equipment in PF laboratories. The Rogowski coil is a type
of coreless transformer where a primary winding is the conductor and secondary winding is
the Rogowski coil. The voltage induced in the secondary winding is proportional
to the current derivative over time. Thus, by using electric integrating system configuration
the current singnal can be obtained. The accuracy of measurements depends on the resistivity
of the coil and scaling

of the circumference of the ring. #17071102 85%D,+15%Ar  p, =2.92 mbar
In the PF-24 system Rogowski coil 800
is plac‘ed‘in the collector area — 700_' _________________________ i e a)
the coil is wound around entire ] |
collector area. It is wused to 5600- i
measure the total discharge current = 500 1 |
that flows through the collector. @ ] !
The calibration factor of Rogowski 3 400 :
coil in the PF-24 system is equal B 399 | |
to 26.4 kA/V [Marciniak 2016]. 3 ] :
The operation of magnetic probe & 200 i
is similar wherein, the magnetic = 100 4 !
probe covers only part : |
of the collector area 0+ g i’
(corresponding  to  connection ..o | ' o BN
of transmission cables from 3 = ] E
condensers). % 200 4 i

> 1 i
Figure 5.3.1. a) The measured total & 100+ i
discharge current (upper trace) and b) & l |
the current derivative over time g 0 :
(bottom trace) of the PF-24 discharge: & 100 ] :
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and the pinch time " were 0,0 0.5 1,0 1.5 20 2,5 3,0
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Both mounted probes in the PF-24 system measure the electric traces with single
nanosecond time resolution. The typical (characteristic) current trace and its time derivative
trace registered during discharge #17071102 in the PF-24 system are presented in figure 5.3.1.
For this discharge the charging voltage U, was set to 17 kV and initial total pressure
of 85%D,+15%Ar mixture was 2.92(+0.09) mbar.

5.3.2. Electro-kinetic parameters

Using total discharge current trace and its time derivative trace, as shown in figure 5.3.1,
a set of plasma parameters can be determined:

L. Kinetic parameters:
e ¢ (us) — compression time — the time of run-down of magnetic piston along

anode (axial direction of movement) and the moment of beginning of radial

compression at the end of anode — the approximated time of beginning of “sharp”

current drop.

t,"“ (us) — pinch time — the time to plasma pinch generation — the approximated

time to minimum of dl/dt.

o v, (cm/us) — average axial velocity — the average velocity of magnetic piston

moving along anode (average velocity during the axial phase of discharge).

IL Electric parameters:

o L. (kA) — maximum current — the maximum total current registered during
discharge (measured in the collector area of the PF-24).

e I, (kA) — pinch current — the total discharge current registered approximately
at the minimum of dI/dt (measured in the collector area of the PF-24) —
corresponding to the 2, time.

The parameters: ¢, t,", Lye"** and I,"* are marked in figure 5.3.1. The average
measured velocity of magnetic piston along the anode can be determined as: v,"* = zy/z,"*

5.3.3. Determination of electro-kinetic parameters and errors

The precise determination of the experimental plasma parameters based on the measured
electric traces is important, but also a challenging task due the fluctuations of the registered
signal. The fluctuations are caused by the fluctuations of mass and charge flow during
discharge as well as by different non-linear effects which may result in the significantly
altered registered traces. The procedure of determination of: .., #."“, ¢,"*, 1,"** and v,"*
parameters and their errors: Al ", At"“, At,"*, AL and A4v."* used in this work
is explained below based on an example of discharge #17071102 (figure 5.3.1).

The first step of the procedure, invented by the author of this thesis, is to determine
the Lo +/-ALu" . The L. value is based on the maximum and minimum values
of observed fluctuations of current in the registered trace (with 10 ns time resolution)
in the investigated area where maximum current value should be found — see figure 5.3.2.
Based on maximum (luegn ) and minimum (Ly,z' ) value of current fluctuations:
A Imaxme — ([ma)qﬂumea _ mirgﬂumea ) YoR ThU.S, the Imaxmea — ma)qﬂumea y Imaxmea — mirgﬂumea + A Imaxmea~
For the presented discharge in figure 5.3.1 and 5.3.2, determined 7,,,,"“ = 691(+14) KA.
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Figure 5.3.2. Part of registered electric total current trace during discharge #17071102 (see also figure
5.3.1). The presented time step of the trace is equal to 10 ns. The determined maximum current value
Lo “*AL," " = 691(£14) kKA. The investigated area is marked with green color.
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Figure 5.3.3. Part of registered electric a) total current trace and b) total current derivative over time
trace during discharge #17071102 (see also figure 5.3.1). The presented time step of the trace is equal
to 10 ns. The determined compression time value z,"“+4¢,"* = 2.22(+0.08) us.
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mea mea

The second step of procedure is to determine the . parameter and its error At,
The z."“ value is based on the earliest and latest point which can be considered as #."* time
(with 10 ns time resolution) considering both current and current derivative trace — see
figure 5.3.3. In other words, two points are searched for which current trace and current
derivative trace appears to start the rapid decrease. Based on earliest (Zinc ) and latest
(tmaxe ") values of time: A" = (tyaxe " - tmine  )/2. Thus, the ¢ = tyu™ - At =
buine "+ At". For the presented discharge in figure 5.3.1 and 5.3.3, determined
£ = 2.22(+0.08) ps.

The third step of procedure is to determine the #,”"" parameter and its error At,
The #,"* value is based on two points which determine approximately half the high
of dI/dt jump (with 10 ns time resolution) — see figure 5.3.4. Based on the earliest (,,")
and latest (£,,"°“) points describing half high of dl/dt spike: 4t," = (1,/"" — 1,,"“)/2.
Thus, the #,"“ =1,/ + At," = 1,,"“ - At,”“. For the presented discharge in figure 5.3.1
and 5.3.4, determined #,"* = 2.38(+0.06) us.
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Figure 5.3.4. Part of the registered electric a) total current trace and b) total current derivative over
time trace during discharge #17071102 (see also figure 5.3.1). The presented time step of the trace
is equal to 10 ns. The determined pinch time value: #,"“+4¢,"* = 2.38(%0.06) ps. The determined
pinch current value (measured in the collector area): 7,"“(z,"“) = 552 kA. The determined error
of 1" AL"™" = (Luawy™™ - Luiny"*")/2 = 56 KA. The green circle indicates the part of current trace
from which highest and smallest value of / should be determined and taken.

mea mea

The fourth step of procedure is to determine the [, parameter and its error A7,
The value of 7,"“ is determined on the basis of £,"“ time: 1,"“(z,"*) — see figure 5.3.4.
And the 41" is determined on the base of the maximum ([, ) and the minimum
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(Lniny <) pinch current values in given range which is determined by ¢,/ and #,,"* times —

see figure 5.3.4. Thus, 4L," = (Lyay " + Ly )/2. For the discharge in figure 5.3.1
and 5.3.4, determined 7,"* = 552(+56) kA.

Finally, the v.,"* = zyt™*. And based on the law of transfer of uncertainty:
AV, =zt /(1,"°)’. For the discharge in figure 5.3.1 and 5.3.3, determined

v, ="7.1(£0.3) cm/ps.
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6. Simulation of discharge in plasma-focus device

6.1. General information about Lee model

The Lee model code was created in 1985 by prof. Sing Lee originally as a 2-phase code
and has been constantly developed since then. The 2007 version of the code
(RADPFVS5.15de) is an open source program developed in the Visual Basic and implemented
as a Macro into Excel Sheet for easy data acquisition and visualization. It was described
in details in [Lee 2014], [Lee 2017] and published online in: http://plasmafocus.net.
The RADPFV5.15de version of the code has 5-phases and enables simulation of PF
discharges in only single working gas. In the recent years, the upgraded version of the code
enabling simulations of PF discharges in mixtures of two gases (RADPFV5.013.9b) has been
developed and is currently being tested. The RADPFV5.013.9b version was made available
by prof. Lee to the author of thesis for joined research.

The Lee model code is a relatively simple, efficient, 0/1-dimensional, hybrid code based
on the 0/1-dimensional snow-plough model (combined with 0/1-dimensional shock model)
and the 0/1-dimensional slug model (developed snow-plough and shock model for radial
compression approximation of sheet-shock movement). The snow-plough model was
described originally by M. Rosenbluth et al. in 1954 [Rosenbluth 1954] and described
in details by D. E. Potter in 1971 [Potter 1971] as 2-dimensional snow-plough fluid (MHD)
model. The O-dimensional slug model was originally described by Potter in 1978
as 0/1-dimensional hybrid model [Potter 1978], [Haines 2011].

The Lee model code combines the electric RLC replacement circuit with plasma-focus
dynamics, thermodynamics and radiation emitted. It is energy-, momentum-, charge-
and mass-consistent and accounts for the effects of the finite transit times of small
disturbances (based on shock wave theory [Gross 1971]) and plasma self-absorption. It has
been used in design and interpretation of Mather type plasma-focus experiments
and as a complementary facility to provide diagnostic reference numbers in deuterium, noble
gases and more [Lee 2014], [Lee 2017]. Several effects have been studied using the code:
the axial and radial plasma dynamics, the SXR emission and yield, the ion beam and electron
beam emission, the fast plasma streams emission, the neutron yield computations, the current
and neutron yield limitations, the deterioration of neutron scaling (neutron saturation),
the radiative collapse, the speed-enhanced PF, the current-stepped PF and the extraction
of diagnostic and anomalous resistance data from current signals [Lee 2014], [Lee 2017].
The summary of most important aspect of the code is presented in figure 6.1.1.

A few phases of discharge can be distinguished in each version of the Lee model code.
The two superior phases which are distinguished in the 5-phase code are: axial and radial.
These two phases can be further divided into five phases. Moreover, three superior phases
can be distinguished in the upgraded 6-phase code: axial, radial and anomalous resistance.
These three phases can also be further divided into six phases. Wherein, the 6-phase version
of the code enables simulations of the discharges in PF devices with higher total inductance
while the 5-phase version is used to simulate discharges in PF devices with lower total
inductance. Since, the PF-24 device has relatively low total static inductance (see subsection
5.1.4) only the 5-phase code was used for simulations of all discharges presented in this work.
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Figure 6.1.1. The philosophy, the phases, the outputs and applications of the Lee model code
[Lee 2014].

6.2. Phases of discharge (theoretical) in the 5-phase Lee model code
and equations

The 5-phase Lee model code (both RADPFVS5.15de and RADPFVS5.013.9b versions)
describes discharge in the Mather type plasma-focus device in five particular phases: I — axial,
IT — radial inward shock, III — radial reflected shock, IV — slow compression (pinch)
and V — expanded column axial [Lee 2014], [Lee 2017]. Phase I and V are axial phases while
phase II, III and IV are radial phases. In each phase, a specific set of differential equations
is used to compute velocity and relative position of magnetic piston (or for current sheet
and shock wave seperatly) as well as total current flow. Moreover, the code computes
also other data like: plasma (tube) inductance, discharge (tube) voltage, plasma (ion) density,
plasma resistance (Spitzer resistivity), plasma (ion) temperature, small disturbance speed
(acustic speed in plasma), effective charges of plasma (for ionized gases in Corona model),
specific heat ratios (for ionized gases in Corona model), ohmic heating power, X-ray
bremsstrahlung emission power, X-ray line emission power, X-ray recombination emission
power, thermonuclear neutron yield and beam-target neutron yield [Lee 2014], [Lee 2017].
In the axial phases no radiation emission is allowed, while in radial phases ionization effects
are all considered and during pinch phase (part of radial phase) the equations of motion
are changed into radiation-coupled dynamics equations and radiation emission is allowed.

6.2.1. Phases I — axial

The axial phase description is based on the 0/1-dimensional snow-plough model combined
with shock model [Lee 2014], [Lee 2017], [Haines 2011]. It is related to the movement
of the magnetic piston (infinitesimally thin and highly conductive) along the z axis, starting
from the base of the electrodes (back of the experimental chamber). Two differential
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equations are used to describe its axial velocity (and relative position) and current effectively
“driving” it [Lee 2014] [Lee 2017]:

uln(Z—g) fel\2 (dz)?
-

d?z 47T2fmpo<(a—g

i e (6.2.1)
a Vo —Ciofldt—ROI—fCI%In(Z—g)%

2= e (6.2.2)
dt LO + fcﬁln(a—o) Z

In equation (6.2.1) and (6.2.2), z is the relative axial position of magnetic piston (variable)
— axial position of both sheet and shock, 7 is the total discharge current (current flowing
in the equivalent electric circuit based on the equation (2.2.1) and figure 2.2.2) (variable),
¢ is time (variable), f. is the axial current factor (described in subsection 6.3.2), f,, is the axial
mass factor (described in subsection 6.3.2), py is the total ambient density for gas or gas
mixture initially between electrodes (taken as density o ideal gas of given type in normal
conditions), ay is the anode radius, by is the reduced cathode radius, Uj is the charging voltage
of the device, Cy is the total capacitance of the device, R, is the nominal resitance
of the device, Ly is the nominal inductance of the device and u is the magnetic permeability
of vacuum. Wherein, the product of If. and p¢f, is: the current effectively “driving”
the magnetic piston and the gas density being effectively sweeped by the piston, respectively.
The equation (6.2.1) is the motion equation describing the rate of change of momentum
to the Ampere’s force. And the equation (6.2.2) is the modified dynamic RLC replacement
circuit equation (see figure 2.2.2) [Lee 2014] [Lee 2017]. Both equations (6.1.1) and (6.2.2)
are coupled with each other through the same variables and parameters. The scheme
of magnetic piston movement in phase I is presented in figure 6.2.1.
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Figure 6.2.1. Scheme of the phase I (axial) of discharge in the Lee model code. The symbols are:
z — the position of the plasma current sheet-shock structure (z = 0 — starting position), a, — anode
radius, by — cathode reduced radius. The arrows indicate: the direction of current flow, the Ampere’s
force working on the plasma structure and the dimensions [Lee 2014], [Lee 2017].

The axial phase ends when magnetic piston reaches the end of anode. In this moment the
radial inward shock phase starts.
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6.2. Phases of discharge (theoretical) in the 5-phase Lee model code and equations

6.2.2. Phases II — radial inward shock

The radial inward shock phase is described with the elongating slug model [Potter 1978],
[Haines 2011], [Lee 2014], [Lee 2017]. In this phase the movement of magnetic piston
continues (with parameters achieved at the end of phase I) but in both radial
and axial directions. The elongating slug model assumes that there is some space between
current sheet and shock wave and that the current sheet and shock wave can move
with different velocities (the shock wave is always ahead of the current sheet) towards
the center of the anode — see figure 6.2.2. The position of the shock wave and the current
sheet is determined in reference to this center. It is also assumed that the z; position
of the sheet-shock changes with time (piston still moves along the z axis) in reference
to the anode face.
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Figure 6.2.2. Scheme of the phase II (radial inward shock) of discharge in the Lee model code.
The symbols are: z; — the position of the plasma current sheet-shock front structure (in reference
to the anode face), r, — the position of the inward moving shock wave front (in reference to the anode
center) and r, — position of the inward moving current sheet (in reference to the anode center).
Between 7, and 7, is the radially imploding slug elongating with the z; length. The arrows indicate:
the direction of current flow, the Ampere’s force working on the plasma structure and the dimensions
[Lee 2014], [Lee 2017].

Four differential equations are used to describe: the shock wave velocity (and relative
position) in radial direction, the current sheet velocity (and relative position) in radial
direction, the sheet-shock velocity (and relative position) in axial direction and the current
effectivly flowing through the sheet [Lee 2014], [Lee 2017].
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In equation (6.2.3), (6.2.4), (6.2.5) and (6.2.6), r, is the relative position of the front
of radial shock wave (variable), r, is the relative radial current sheet position (variable) —
piston position, z, is the relative axial sheet-shock position (variable), / is the total discharge
current (current flowing in the equivalent electric circuit based on the equation (2.2.1)
and figure 2.2.2) (variable), ¢ is time (variable), f,, is the radial mass factor (described
in subsection 6.3.2), f, is the radial current factor (described in subsection 6.3.2), y is the total
specific heat ratio of plasma inside the sheet-shock structure (presented in subsection 6.2.8),
po 1s the total ambient density for gas or gas mixture initially between electrodes
(taken as density of ideal gas of given type in normal conditions), ay is the anode radius,
by is the reduced cathode radius, zj is the anode length inside the experimental chamber,
Uy is the charging voltage of the device, Cy is the total capacitance of the device,
Ry is the nominal resitance of the device, L, is the nominal inductance of the device
and u is the magnetic permeability of vacuum. Wherein, the product of If., and p¢f,, is:
the current effectively driving the sheet and the gas density being effectively sweeped
by the sheet, respectively.

The equation (6.2.3) is used to compute the radial inward shock wave velocity from
the driving magnetic pressure. This equation is based on the change of shock wave pressure
due to the magnetic pressure which depends on the drive current value and current sheet
position. The equation (6.2.4) is used to compute the velocity of the current sheet allowing
it to separate from shock wave front by applying an adiabatic approximation. This equation
1s determined by the first law of thermodynamic applied to the effective increase in volume
between shock wave front and current sheet created by the incremental motion of the shock
wave front. The equation (6.2.5) is used to compute the axial elongation velocity
of the current sheet-shock. This equation is based on the magnetic pressure which is similar
as driving the inward radial shock wave — the compression has effects in both r
and z directions (magnetic pressure can exert changes both in radial and axial direction).
And the equation (6.2.6) is the modified dynamic RLC replacement circuit equation.
Thermodynamic effects due to ionization and excitation are incorporated into these equations
(effects important for gases with higher atomic Z number than hydrogen or deuterium)
as well as into analogic equations describing phase III and IV. And communication delay
between shock wave front and current sheet due to the finite small disturbance velocity
(defined in subsection 6.2.9) is applied and introduced into these equations. The correction
from small disturbance velocity is taken assumed as modified acoustic velocity in plasma
based on shock wave theory [Gross 1971], [Potter 1978]. The scheme of phase II
was presented in figure 6.2.2.

The radial inward shock phase ends when symmetrical parts of shock wave coming from
opposite directions meet at the anode center (on the z axis) and are reflected off each other.
In this moment the radial reflected shock phase starts.

6.2.3. Phases III — radial reflected shock
The radial reflected shock phase is also described with the elongating slug model
[Potter 1978], [Liberman 1999], [Haines 2011]. However, in this phase the shock wave move

towards the cathode while the current sheet still moves towards the anode center — they move
towards each other — see figure 6.2.3.
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Figure 6.2.3. Scheme of the phase III (radial reflected shock) of discharge in the Lee model code.
The symbols are: z; — the position of the plasma current sheet-shock front structure (in reference
to the anode face), r, — the position of the outward moving shock wave front (in reference to the anode
center) and r, — the position of the inward moving current sheet (in reference to the anode center).
Between 7, and r, is the radially imploding slug elongating with the z, length. The plasma column
(unstable) is generated with 7, radius and z,length. The arrows indicate: the direction of current flow,
the Ampere’s force working on the plasma structure and the dimensions.

Behind the moving slug (in the central region) plasma column is generated (not stable).
Four differential equations describe the dynamics of this phase [Lee 2014], [Lee 2017].
The equation enabling computation of the radial outward shock velocity (and relative
position) assumes constant value which depends on the final value of radial inward shock
velocity (achived on z axis) [Lee 2014], [Lee 2017].
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In equations (6.2.7), (6.2.8), (6.2.9) and (6.2.10), 7, is the radial position of the reflected
shock wave front, (dry/dt),n-axis 1s the final velocity of shock wave achived on the z axis and all
other symbols are the same as in equation (6.2.3), (6.2.4), (6.2.5) and (6.2.6).

The radial reflected shock phase of discharge ends when the shock wave meets
with the current sheet at some position determined with both shock wave and current sheet
velocities (positions). This is the moment when slow compression (pinch) phase starts.
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6. Simulation of discharge in plasma-focus device

6.2.4. Phases IV — slow compression (pinch)

In the slow compression (pinch) phase a stable plasma pinch (column) is assumed
to be generated with borders composing of current conducting sheet and plasma inside —
see figure 6.2.4. This pinch is assumed to have average and uniform properties along
dimensions such as current flow, ion density and ion temperature in entire plasma volume at
given time. Furthermore, the pinch is still able to compress (inward movement) but relatively
slowly.

Zy
- !
e
Z e — —— — — —— — —— — —
AXIS| Anode
E

Cathode

Figure 6.2.4. Scheme of the phase IV (pinch) of discharge in the Lee model code. The symbols are:
zy — the position of the current sheet-shock front structure (in reference to the anode face)
and r, — the position of the inward (relatively slow) moving current sheet (in reference to the anode
center). The plasma column (stable) is generated with 7, radius and z; length. The arrows indicate:
the direction of current flow, the Ampere’s force working on the plasma structure and the dimensions.

Three coupled differential equation are used to describe this phase: the radial sheet motion
(radial velocity of the sheet), the pinch column elongation (axial velocity of sheet-shock)
and the RLC equivalent circuit (current effectively flowing through sheet) [Lee 2014],
[Lee 2017].
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In equation (6.2.1), dQ/dt is the -energy gain/loss term determined as:
dQ/dt = Poum - Prrem - Pline - Prec, Wherein the Py, Pprem, Piine and P, symbols are described
by equations from (2.1.19) to (2.1.22) (see also subsection 6.2.11). And in equation (6.2.13),
R, is the Spitzer resitivity (presented in subsection 6.2.11). The rest of parameters describing
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6.2. Phases of discharge (theoretical) in the 5-phase Lee model code and equations

the equations (6.2.11), (6.2.12) and (6.2.13) are the same as in equations (6.2.3), (6.2.4),
(6.2.5) and (6.2.6).

The equation (6.2.11) describing the dynamic of current sheet (which forms the plasma
pinch) is modified through including energy gain/loss term (dQ/dt) [Lee 2014], [Lee 2017].
This energy term can have positive or negative value. The positive value is connected with
dominant Ohmic heating (equation (2.1.22)) and will result in tendency to push the sheet
outwards (slower compression). And negative term is connected with dominant emission
of bremsstrahlung (equation (2.1.21)), line radiation (equation (2.1.19)) and recombination
radiation (equation (2.1.20)) and will result in tendency to push the sheet inwards (faster
compression). Thus, if the power of radiation emission exceeds the power of Ohmic heating
the final compression will be greater (assuming similar pinch lifetime).

Moreover, the emission of radiation from plasma pinch can be significantly reduced
due to the increase of plasma opacity. To include this effect plasma self-absorption correction
factor is also computed during this phase of discharge (this is the fy parameter from equation
(2.1.13)) and transition from volumetric emission to surface emission is assumed and included
[Lee 2014], [Lee 2017] — see subsection 6.2.12.

The duration of the pinch phase (lifetime of pinch and slow compression) is set as the time
of transit of small disturbances across the entire pinched plasma column —
see subsection 6.2.9 [Lee 2017]. Afterwards, the expanded column axial phase starts.

6.2.5. Phases V — expanded column axial

At the beginning of the expanded column axial phase the plasma column is assumed
to rapidly expand (due to to loss of good confiment) to have diameter equal to the diameter
of the anode [Lee 2014], [Lee 2017]. This diameter is set as constant until
the end of discharge (simulation) — see figure 6.2.5. Thus, further increase of column volume
takes place only along z axis direction.
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Figure 6.2.5. Scheme of the phase V (expanded column axial) of discharge in the Lee model code.
The symbols are: z — the position of the sheet-shock front structure (in reference to the back
of experimental chamber). The plasma column has constant radius equal to the anode radius
and expands only in axial direction. The arrows indicate: the direction of current flow, the Ampere’s
force working on the plasma structure and the dimensions.

This axial movement of the plasma sheet-shock structure (column top) is described using
two differential equations — motion equation and circuit equation (similar as in phase I)
[Lee 2014], [Lee 2017].
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The symbols in the equations (6.2.14) and (6.2.15) are the same as in equations (6.2.1)
and (6.2.2). Moreover, as previously, the initial conditions for parameters in the motion
equation (6.2.14) and circuit equation (6.2.15) are taken from the values achieved at the end
of previous phase of discharge (phase IV).

The expanded column axial phase ends when the discharge has proceeded to a half cycle
(the half period of first oscillation of dynamic RLC damped circuit) [Lee 2017].

Lo + f¢ %ln(Z—g) zo+f0%1n(2—g) (

6.2.6. Additional relations and data used in the Lee model code — characteristic axial
transit time and velocity

Except the above mentioned differential equations describing the dynamic of sheet-shock
structure (including pinch) and current flow there are additional many relations and data used
in the model for computations of different data and parameters describing plasma in different
phases including radiation emission. The important ones will be presented in this and next
subsections.

The characteristic axial transit time (#z,) of magnetic piston along the anode (phase I)
1s determined as [Lee 2014], [Lee 2017]:

2 1/2
t = 4n2((3—g) _1) VIm _ 2o 6.2.16
@ #ln(b—o) fe lo (6.2.16)
ag ao\/Po

In equation (6.2.16), by is the reduced cathode radius, ap is the anode radius,
zp 1s the length of the anode inside the experimental chamber, f,, is the axial mass factor
(described in subsection 6.3.2), f. is the axial current factor (described in subsection 6.3.2),
po 1s the total ambient density for gas or gas mixture initially between electrodes (taken
as density of ideal gas of given type in normal conditions), # is the magnetic permability
of vacuum and [lh=Uy / Zy = Uy (Cyp / L0)0'5 i1s the maximum amplitude of oscillations
of damped RLC circuit. Where, Uj is the charging voltage of the device, Cy is the total
capacitance of the device and L, is the nominal inductance of the device.

The characteristic axial transit velocity is determined as [Lee 2014], [Lee 2017]:
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Also the a, scalling parameter is determined as [Lee 2014]. [Lee 2017]:
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The a, scalling parameter in equation (6.2.18) is the ratio of the characteristic electrical
discharge time (characteristic time of oscillating RLC circuit) ¢ = (L0C0)0'5
to the characteristic axial transit time #, (equation (6.2.16)). Thus, the a, scalaing parameter
is actually an indicator of the matching of electrical drive time to the axial transit time
for efficient magnetic and kinetic energy transfer from magnetic piston to the plasma pinch
(when a, = 1 most efficient transfer of magnetic and kinetic energy into plasma pinch
is predicted).

The last part of the equation (6.2.18) is known as the speed or drive factor (SF or S or RF
symbols are used) of the plasma-focus (determined for all eletromagneticly driven devices).
This factor is expressed as [Lee 2014], [Lee 2017]:

a
a fa

SE = aim

(6.2.19)

All symbols in equation (6.2.19) are the same as in equation (6.2.16).

6.2.7. Additional relations and data used in the Lee model code — inductances
and voltages

In the phase I and V of discharge (axial phases) the dynamic plasma inductance
is described as [Lee 2014] [Lee 2017]:

L=2%In (2—2) z (6.2.20)

21

In equation (6.2.20), u is the magnetic permability of vacuum, b, is the reduced cathode
radius, ay is the anode radius and z is the axial position of magnetic piston.

In the phase II, III and IV (radial phases) the dynamic plasma inductance is described as
[Lee 2014] [Lee 2017]:

- ¢ + A n (2
L=LIn ( 0) Zo+L1n (r,,) 7 (6.2.21)
In equation (6.2.21), zy is the length of the anode inside the experimental chamber,
r,, 1s the radial position of magnetic piston and zis the axial position of magnetic piston.
Using the dynamic plasma inductance from equation (6.2.20) the total voltage
for the phase [ and V is determined as [Lee 2014] [Lee 2017]:

dz dl

=t =R (E) (%478 6222

In equation (6.2.22), f. is the axial current factor (described in subsection 6.3.2),
dz/dt 1s the axial velocity of magnetic piston, / is the total discharge -current
and dI/dt is the time derivative of the total discharge current.
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6. Simulation of discharge in plasma-focus device

Using the dynamic plasma inductance from equation (6.2.21) the total voltage
for the phase II and III is determined as:

L (L) = for o [1( x % 4 In (r,,) 21 ) (ln (22) 2o + ln( )zf)ﬂ (6.2.23)

In equation (6.2.21), f., is the radial current factor (described in subsection 6.3.2)
and / is the total discharge current.

In phase 1V, the equation (6.2.23) is modified using Spitzer resistivity. So, the voltage
across tube terminals is computed as:

U:fcr%[ ( Z‘Z"H (rp) ddtf) (m( 0)zo+1n( ) f) ]+fCTIRS (6.2.24)

In equation (6.2.24), Ry is the Spitzer resistivity (see subsection 6.2.11).

6.2.8. Additional relations and data used in the Lee model code — effective charges
and specific heat ratios

The data concerning the ionization effects in plasma are in general based on the corona
model which in an approximated plasma model for spectroscopy [Elton 1971], [Anders 1990].
In the corona plasma model lower densities of plasma are assumed and the ionization
coeeficients depend only on plasma temperature (temperature of ionized gas). The data
from the corona model which are stored within the Lee model code and used are: ionization
curves and ionization energies. Based on ionization curves and ionization energies:
the effective charges, the specific heat ratios and the characteristics of soft X-ray emission
are computed in the Lee model code (emission powers and yields). Moreover, the atomic
information about working gases were obtained from the NIST database and also stored
within the code [NIST 2019].

The effective charge of plasma particles composed of single gas species of type j
1s expressed as [Ching 2010], [Akel 2019]:

7 __ Netectron,j _ Yz=0 ZNZ]
eff.j — = Wz
17 Nion,j )Yty ]NZJ

(6.2.25)

In equation (6.2.25), the N.; is the number of ions type j (deuterium or argon) in the z-th
state. Wherein, the summation is carried out starting from z = 0 or z = 1 state up to Zn-th state
of ion type j. The equation (6.2.25) was developed based on the ratio of Neecironj t0 Nion,
which are the total number densities of: electrons and ions, respectively, in all states derive
from atoms of type j.

If mixture of two gases is used than for each ionized gas type effective charge is computed
based on equation (6.2.25) resulting in: Z,; and Z,p» values. Both values Z. and Zp
are used for computation of the total effective charge of plasma composing of gas mixture as:
Zog=ViZep T V2Zep. This relation is also used for obtaining the total atomic number of gas
mlxture used in calculations: Z = v,;Z; + v,Z,. Wherein, the v; and v, are the relative
volumetric fractions of gas 1 and 2 (assuming ideal gas model).

The specific heat ratio y of plasma composed of ionized gas type j is expressed using
number of degree of freedom f; of gas particles as: y; = (2+f)/f;. The degree of freedom
for single gas species j is expressed as [Ching 2010] [Akel 2019]:
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— Yiej
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In equation (6.2.26), k is the Boltzmann’s constant, 7 is plasma (ion) temperature (average
and uniform temperature of ionized gas or gas mixture — see subsection 6.2.10),
Z.f; 1s the effective charge of plasma type j (from equation (6.2.25)) and U, is the effective
ionization energy of ions type j. The effective ionization energy of ions type j is computed
as [Ching 2010], [Akel 2019]:

Uiej = ony’ Ny jUse,z (6.2.27)

In equation (6.2.27), N, is the number of ions of type j in the z-th ionized state
and U, .; 1s the amount of energy required to ionize a neutral gas atom of type j to z-th state.
Wherein, the summation is carried out starting from z = 1 state up to Zn-th state of ion type ;.

For the two gas mixture with volumetric fractions v, and v, the total degree of freedom f
is expressed as [Ching 2010], [Akel 2019]:

V1Uje1+V2Ujer

KT [v3(14Zepp1)+02(1+Zeff2)]

f=3+ (6.2.28)

In equation (6.2.28), k is the Boltzmann’s constant, 7 is plasma temperature (average
and uniform temperature of ionized gas or gas mixture — see subsection 6.2.10), Z.4; and Z.p
are effective charges of plasma composed of ions type 1 and 2 (based on eqution (6.2.25))
and U,; and U, are the effective ionization energies of ions type 1 and 2 (based on equation
(6.2.27)). Using the total degree of freedom the total specific heat ratio is expressed as:

y = QNI

6.2.9. Additional relations and data used in the Lee model code — small disturbance
speed

In the slug model describing all radial phases of the Lee model code the shock wave
theory is applied [Gross 1965], [Lee 1970], [Gross 1971], [Hintz 1971], [Potter 1978].
Thanks to the shock wave theory and an adiabataic approximation used in the Lee model code
shock wave can be distringuished from the current sheet and uniform plasma pressure
between shock and sheet can be determined. This results in so called infinite acoustic speed
approximation or infinite small disturbances speed approximation. In other words, in the slug
model it is assumed that the pressure exerted by the magnetic piston is instantaneously felt
by the shock front. Likewise, the shock speed is instantaneously felt by the current sheet.
This leads to too high values of sheet and shock velocities. However, since the small
disturbance speed is actually finite there should be some nonzero time lapse Atsps
communicating between shock front and current sheet. This communication delay was
incorporated into the Lee model as: Atsps = (¥, - 1) / vsps. Wherein, r, is the relative current
sheet (piston) position, 7, is the relative shock postion (7, in phase III) and vgpg is the small
disturbance speed. In order to compute the finit SDS correction, following relation describing
small disturbance speed is used [Lee 2014], [Lee 2017]:

s = 6= () = (2)"" = () 6229
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6. Simulation of discharge in plasma-focus device

In equation (6.2.29), vsps = C; is the small disturbance speed as acoustic (sound) velocity
in ionized gas, y is the total specific heat ratio of gas or gas mixture (see subsection 6.2.8),
p 1s total the ambient density of gas or gas mixture inside the moving slug (between sheet
and shock), R is the universal gas constant, MW is the total molecular weigh of gas or gas
mixture, D, is the departure cooeficent, 7 is the (shocked) plasma temperarure (see subsection
6.2.10) and P is the shock pressure (pressure between sheet and shock) [Gross 1965],
[Lee 1970], [Lee 2014], [Lee 2017].

The total molecular weight of gas mixture in equation (6.2.29) is expressed as:
MW = viMW; + voMW,, where v; and v, are volumetric fractions of gas type 1 and 2
and MW, and MW, are molecular weights of gas type 1 and 2.

The departure coefficient in equation (6.2.29) is expressed as: D. = DN(1+Z,;), wherein
Zey 1s the total effective charge number of gas or gas mixture (see subsection 6.2.8)
and DN is the total dessociation number of gas or gas mixture. The total dessociation number
of gas mixture is expressed as: DN = v;DN; + v,DN,, where v; and v, are volumetric fractions
of gas type 1 and 2 and DN, and DN are dessociation numbers of gas type 1 and 2.

Moreover, any irregularity (e. g. small kink MHD instability) will transmit (information
about the conditions related to the kink) across a plasma column (phase IV) at the small
disturbance speed. When that information has transmitted across the column, the whole
column may become kinked, disrupt and no longer remain a stable form. Thus, generally
the lifetime of stability of a plasma column in phase IV (#,) is taken to be limited
by the tranisit time of small disturbance speed as: t,; = 2 1, / vsps (7, 1s the plasma column
radius taken as piston relative position describing the border of column). And this
is the minimum time needed for the development of instabilities inside the stable plasma
column in mechanical pressure balance, since there might be other effects present stabilizing,
like for example large Larmor radius effect [Liberman 1999], [Haines 2011].

6.2.10. Additional relations and data used in the Lee model code — temperatures
and densities

The plasma ion temperature and volumetric ion number density, in phases of discharge II
and III, are obtained from the shock wave theory (shock-jump equations) [Gross 1965],
[Lee 1970], [Gross 1971], [Hintz 1971], [Potter 1978]. The shocked plasma temperature
(shock heating) of moving slug in phase II is expressed as [Ching 2010], [Lee 2014],
[Lee 2017]:

_ MW 2¢-1) (d_)z

= Rp. 102 \a (6.2.30)

The shocked plasma temperature of moving slug in phase III is expressed as
[Ching 2010], [Lee 2014], [Lee 2017]:

_ MW 20-1) (%)2 (6.2.31)
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And the shocked plasma volumetric ion number density of gas type j in moving slug
in phases II and III is expressed as [Ching 2010], [Lee 2014], [Lee 2017]:

r+1)
le = vjnOfmr()/Tl) (6.2.32)
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In equation (6.2.30), (6.2.31) and (6.2.32) MW is the total molecular weigh of gas or gas
mixture (as in subsection (6.2.9)), R is the universal gas constant, D. is the departure
cooeficent (as in subsection (6.2.9)), y is the total specific heat ratio of gas or gas mixture
(see subsection 6.2.8), ry is the relative position of the shock wave in phase 11, 7, is the relative
position of the shock wave in phase III, v; is the volumertric fraction of gas type j in mixture,
fm 1s the axial mass factor (see subsection 6.3.2), f,, is the radial mass factor (see subsection
6.3.2) and no is the total ambient number density (initial volumetric ion number density
of gas or gas mixture). Wherein, ny = 6 x 10°° po/MW, where py is the total ambient density
for gas or gas mixture initially between electrodes and in experimental chamber
(taken as density of ideal gas in normal conditions based on initial pressure value)
and MW is the total molecular weigh of gas or gas mixture (as in subsection (6.2.9)).

Furthermore, in the pinch phase of discharge (phase IV) the plasma ion temperature 7,
is computed using modified Bennett equation (based on equation (2.1.6)) — ohmic heating
of plasma pinch [Ching 2010], [Lee 2014], [Lee 2017]:

R fczrlz
P = 52k Denodlfom (6.2.33)
And the plasma volumetric ion number density n,; of gas type j in the pinch phase
(phase 1V) of discharge is computed using mass conservation equation resulting in
[Ching 2010], [Lee 2014], [Lee 2017]:

2
Np,j = VjNofmr (i—:) (6.2.34)

In equation (6.2.33) and (6.2.34), u is the magnetic permeability of vacuum,
k 1s the Boltzmann’s constant, / is the total discharge current (f../ = I, is the current flowing
through plasma pinch), ay is the anode radius, 7, is the radius of plasma column
(relative position of current sheet in phase IV). The rest of symbols are the same
as in equations from (6.2.30) to (6.2.32).

The total ion number density » in all phases of discharge, for plasma composed of two
types of ions, is expressed as: n = n;+ ny (n, = n,; + ny, in phase IV). Wherein, n; and n;
are ion number densities of plasma type 1 and 2 (n,; and n,, are ion number densities
of plasma type 1 and 2 in phase IV). Thus, n; = v;n and n; = von (n,; = vin, and ny, = von,
in phase IV). Also, for the plasma composed of two species, temperatures are always equal:
T =T, = T>, where T; is plasma temperature of ionized gas type 1 and 7 is plasma
temperature of 1onized gas type 2 (1, = T,; = T, in phase IV).

6.2.11. Additional relations and data used in the Lee model code — Ohmic heating,
resistivity and X-ray emission

In equation (6.2.11), the component responsible for power of ohmic heating and X-ray
emission dQ/dt is introduced. This component is the difference between total power of ohmic
heating and total power of X-ray emission: dQ/dt = Py - Pprem - Pline - Prec. Wherein,
the ohmic heating term (Joule heat) presented in equation (2.1.22) comes from the following
relation (generalized Ohm’s law) [Lee 2014], [Lee 2017]:

daqQ
Popm = d—t’ = Rgf2I? (6.2.35)
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In equation (6.2.35), the f.. is the radial current factor (see subsection 6.3.2), / is the total
discharge current (f.,./ = 1, is the current flowing through plasma pinch) and Ry is the plasma
resistivity. The plasma resitivity in the Lee model code is described by Spitzer resitivity
equation in the following form [Lee 2017]:

_ 1290Z¢frrzy
Rs = = dft (6.2.36)

In equation (6.2.36), Z.4 1s the total effective charge of plasma (see subsection 6.2.8),
zr 1s the relative axial position of sheet-shock, 7, is the relative current sheet position
(plasma column radius) and 7, is the plasma temperature (see subsection 6.2.10).

The X-ray emission power terms for the dQ/dt are described by equations (2.1.19),
(2.1.20) and (2.1.21). In these equations the 7}, is the plasma pinch temperature from equation
(6.2.33), n, is the plasma pinch total ion number density based on equation (6.2.34),
Z.y 1s the total effective charge of plasma (as in subsection 6.2.8), Z = v,Z;, + v,Z, is the total
atomic number of gas or gas mixture (where v; and v, are volumetric fractions of gas type
1 and 2), I, = fe is the current flowing through plasma pinch (based on equations
from subsection 6.2.4), f., is the radial current factor and / is the total discharge current),
r, is the plasma column radius (relative radial current sheet position based on equations
from subsection 6.2.4) and z, = zris the plasma column length (z,is the relative axial position
of sheet-shock based on equations from subsection 6.2.4). Wherein, because of the plasma
self absorption and transit from volumetric X-ray emission to surface emission
(see subsection 6.2.12) the equation (2.1.19) describing line (soft) X-ray emission power
can change into [Lee 2014], [Lee 2017]:

Piine = “2i1e = 4,62 x 10716 2052351, 7, T} (6.2.37)
All symbols in equation (6.2.37) are the same as in equations (2.1.19), (2.1.20)
and (2.1.21) (as described above).

6.2.12. Additional relations and data used in the Lee model code — plasma opacity

Plasma self absorption [Robson 1989a] and transition from volumetric X-ray emission
to surface X-ray emission in plasma column are implemented inside the Lee model code.
This implementation uses photonic excitation number P,, written as [Lee 2014], [Lee 2017]:

1.66x10_15rpZO'5np
P, = 15 (6.2.38)
efflp

In equation (6.2.38), 7, is the plasma column radius (relative radial current sheet position
based on equations from subsection 6.2.4), Z = v,Z, + v,Z, is the total atomic number of gas
or gas mixture (where v; and v, are volumetric fractions of gas type 1 and 2), n, is the total
plasma pinch ion number density (based on equation (6.2.34)), 7, is the plasma pinch ion
temperature (from equation (6.2.33)) and Z, is the total plasma effective charge
(as in subsection 6.2.8). Thanks to the photonic excitation number P,, the volumetric plasma
self-absorption correction factor f; (as in equation (2.1.13)) is determined [Lee 2014],
[Lee 2017]:
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135 14Pep,
fo= (1+10‘14aneff) (6:239)

Transition from volumetric to surface emission occurs when f; goes down
from 1 to smaller values than 1/2.718 (when f) = 1 there is no self absorption and when f, = 0
the radiation is fully self absorbed). Moreover, when the emission becomes surface like
the equation (2.1.19) describing line (soft) X-ray emission changes into (6.2.37).

6.2.13. Additional relations and data used in the Lee model code — neutron emission

In the Lee model code two different equations describing neutron emission are used.
The first one describes the neutron yield based on the thermonuclear fusion model. In this
model plasma is composed of uniformly spread deuterium ions having the same average
energy. If the energy per ion is high enough fusion can be achived. The neutron equation
based on this model can be described as [Lee 2014], [Lee 2017]:

dYen = 0.5n7 17z, (0V)AL (6.2.40)

In equation (6.2.40), dY,;, is the neutron yield based on the thermonuclear fusion model
emitted during single time interval, n,p is the ion number density of deuterium inside plasma
pinch in given time (averaged and uniform along pinch dimensions) (from equation (6.2.34)),
1, 1s the plasma pinch radius at given time (assuming column shape) (based on equations
from subsection 6.2.4), z, = zris the plasma pinch length at given time (assuming column
shape) (based on equations from subsection 6.2.4), <gv> is the thermalized fusion
cross-section-velocity product corresponding to the plasma temperature for the time interval
under consideration and At is the investigated time interval [Lee 2014]. The total neutron
yield value based on the thermonuclear fusion model Y, is computed by summing up over all
time intervals during the pinch phase of discharge (summing over all dY).

The second equation describes the neutron yield based on the beam-target nuclear fusion
model. It is phenomenological equation based on the vacuum (plasma) diode mechanism.
In this model a beam of fast deuteron ions is produced by a vacuum diode in a thin layer close
to the anode, with plasma disruptions generating the necessary high voltages. The generated
deuteron beam interacts with the hot dense plasma (plasma ions are uniformy spread and have
the same average energy) of the focus pinch column to produce the fusion neutrons.
The neutron yield based on beam-target fusion model (Y, was deduced [Lee 2008a],
[Lee 2008b], [Lee 2014], [Lee 2017] as:

b —
Yot = Cp NpmaxD Iz%p Zzz)max In (ﬁ) O3umax Ua 05 (6.2.41)

In the equation (6.2.41), the C, is the scaling constant (calibrated from available global
data), the 7,mqxp 1S the maximum ion number density of deuterium in plasma pinch during
discharge (average and uniform along pinch dimensions), the I,, = f./ is the initial
(maximum) current flowing through the plasma pinch (uniform along pinch dimensions)
(fer 1s radial current factor), the 7y, 1s the final (minimum) plasma pinch radius during
discharge (assuming column shape), the z,qc 1s the final (maximum) pinch length during
discharge (assuming column shape), the by is the reduced cathode radius, the o;3ymax
is the cross-section of the D-D fusion reaction (for the beam of deuterons with energy equal
to three times maximum discharge voltage induced during discharge — U,,,) in n-branch
and the U; is the disruption-caused diode voltage [Gribkov 2007]. Data fitting gave
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Ui = 3Upax, where U, 1s the maximum voltage induced by the radially collapsing current
sheet during discharge (maximum tube voltage induced). The C, = 8.54 x 10° is a global
constant which was calibrated [Lee 2008b] at an experimental point of 0.5 MA
from a graphical presentation of all available measured total neutron yield data (Y),)
from the experiments on the different plasma-focus devices.

The beam-target neutron yield in the Lee model code is additionaly also computed as time
function:

b _
AYp_o(£) = Cp 1y (£) 125 (8) Z2(6) In (?("t)) Tsumax UTO5At (6.2.42)

In equation (6.2.42), the dY,.(t) is the beam-target neutron yield computed for given time
step of the code, the n,p(t) is the ion number density of deuterium, the 7,,(t) = f.d(?)
is the current flowing through plasma pinch (f., 1s radial current factor), the z,(?) is the plasma
pinch length, the r,(?) is the plasma pinch radius and Az is the investigated time interval.
The rest of the symbols are the same as for equation (6.2.41).

Based on the equation (6.2.40) and (6.2.41) the total neutron yield per discharge (V)
can be expressed as: Y, = Yy + Y5, And based on the equation (6.2.40) and (6.2.42) total
neutron yield per given time step (dY,) can be expressed as: dY, = dYy, + dY..
Wherein, it is worth to mention that the results of computations based on the above equations
show that the computed Y,, and dY,, values are practically always much larger
than the computed Y, and dY; values. Thus, the total neutron yield per discharge
can be approximately described as: Y, = Y;,. And total neutron yield per given time step as:
dyY, n~ d Yy,

6.3. Input and output parameters of the 5-phase Lee model code

6.3.1. Input parameters

There are 20 input parameters in the RADPFV5.013.9b version of 5-phase Lee model
code [Ching 2010] [Lee 2014] [Lee 2017] [plasmafocus.net 2019]:

I.  Operation parameters:

1) Cy (uF) — total capacitance of the condenser bank of the device.

2) Ly (nH) — total (nominal) static inductance of the device.

3) Ry (mQ) — total (nominal) static resistance of the device.

4) by (cm) — cathode reduced radius (cathode radius minus the radius of single cathode rod)
of the device.

5) ap (cm) — anode radius of the device.

6) zo (cm) — length of anode (inside the experimental chamber) of the device.

7) Uy (kV) — charging voltage of the device.

II. Gas parameters:
8) po (Torr) — total pressure of gas mixture.
9) MW, — atomic mass (molecular weight) of the first working gas.
10) A; — atomic number of the first working gas.
11) At-1_mol2 or DN, — dissociation number of the first working gas (monatomic or diatomic
gas).
12) v; — fraction of volume of the first working gas in relation to the volume of entire gas
mixture (the same as the fraction by pressure assuming ideal gas).
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13) MW, — atomic mass (molecular weight) of the second working gas.

14) A, — atomic number of the second working gas.

15)At-1_mol2 or DN, — dissociation number of the second working gas (monatomic
or diatomic gas).

16) v, — fraction of volume of the second working gas in relation to the volume of entire gas
mixture (the same as the fraction by pressure assuming ideal gas).

ITII. Model parameters:

17) fu — axial mass factor.
18) f. — axial current factor.
19) fuur — radial mass factor.
20) fo — radial current factor.

The operation parameters (Cy, Ly, Ry, by, ag, zp, Up) characterize the PF device —
they enable Lee model code to operate as given PF device. The gas parameters
(po, MW, A;, DN;, vi, MW,, As, DN>, v,) describe the mixture of working gases filling
the experimental chamber of PF device. The model parameters (f,, fc, fur for — described
in details in next subsection) enable to conclude approximately diffrent effects during
PF discharge which are not included in the 0/1-dimensional snow-plough and slug model’s
description used in the code and which influence the current and mass flow in the system
(they enable different scenarios of discharge under the same initial conditions). The model
parameters together with L, and R, parameters are adjusted during fitting procedure of current
traces — measured current trace is fitted with simulated current trace (described in subsection
6.4.5). The procedure of fitting of current traces enables the Lee model code to reproduce
in approximation the real discharge that occurred in given PF device under given operation
and gas parametrers conditions [Lee 2014]. All 20 input parameters determine the entire
simulation process of the single PF discharge.

6.3.2. Input parameters — model parameters

The f,, fc, fmr and f., parameters appear in all equations describing the dynamic of current
sheet and shock motion as well as in other relations describing operation of the Lee model
code (as was presented in subsections from 6.2.1 to 6.2.13) [Lee 2014], [Lee 2017].
These parameters were introduced into the Lee model to approximate the various effects
occurring during the discharges, thus allowing various possible scenarios for the development
of a single discharge.

The parameters f,, and f,, describe the fraction of gas mass that was effectively swept,
ionized and became plasma in the magnetic piston during the axial and radial phases
of discharge, respectively. These fractions refer to the total mass of gas mixture
that was present across the current sheet-shock way (in each moment of time as well as during
entire axial phase and radial phase). Using these two parameters the effects that influence
the effective mass sweep into the plasma structure such as: porosity of current sheet,
inclination (curvature) of the moving current sheet-shock, boundary layer effects and axial
mass streaming are accounted approximately (as well as all other effects that influence
the effective mass sweep into plasma structure including the unkown ones) [Lee 2014],
[Lee 2017].

Similarly, the /. and f;, parameters describe the fraction of current that effectively flows
through the piston structure (“drives” it) during the axial and radial phases, respectively.
These fractions refer to the total current flowing between the electrodes in the experimental
chamber (in each moment of time as well as during entire axial and radial phases). Using
these two parameters effects such as: current shedding at/or near the back-wall, current sheath
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inclination, current shunting, current fragmenting, current sheet bifurcation, plasma/current
necking (constriction) and disruptions leading to axial acceleration and ejection of mass
are approximated (as well as all other effects that influence the effective current flow
in the moving plasma structure including the unkown ones) [Lee 2014], [Lee 2017].
The change of gas mass sweeping and current flow cause changes in the dynamic
of the current sheet and shock movement as well as in the thermodynamics and radiation
process influencing the generated plasma pinch behaviour [Lee 2014], [Lee 2017].

6.3.3. Output data and parameters

Among the many output data of the RADPFV5.013.9b version of 5-phase Lee model
code, only important for this work are listed [RADPF 2019]:

1(t) (kA) — (total discharge) current,

U(t) (kV) — (total plasma/tube/discharge) voltage,

z(t) (cm) — axial position of sheet-shock,

v-(t) (cm/pus) — axial velocity of sheet-shock,

rg(t) (mm) — radial shock position,

(1) (mm) — radial current sheet (magnetic piston) position,

z4(¢) (mm) — axial position of sheet-shock (referenced to the anode end),
vs(t) (cm/ps) — radial shock speed,

vp(t) (cm/pus) — radial current sheath (magnetic piston) speed,

v(t) (cm/ps) — elongation speed of sheet-shock,

r+(t) (mm) — reflected shock radial positi