z axis

Var: opetaton/integraiCurve)
4630405

3.929e+04

I 6268,
1000.

SIN
PHYSICS




NATIONAL AND KAPODISTRIAN UNIVERSITY OF ATHENS (NKUA)

/Magnetized jets in Laboratory Astrophysics/

/Mayvntiopévol midakeg otnv Epyactnprakn

Aotpo@uoikn/

A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in

Physics

By

George D. Koundourakis

NKUA id: 2013516

April 2022



NATIONAL AND KAPODISTRIAN UNIVERSITY OF ATHENS (NKUA)

/Magnetized jets in Laboratory Astrophysics/

/Mayvntiopévol midakeg atnv Epyactnprakn

Acotpo@uoikn/

By

George D. Koundourakis

Advisory Committee

Thesis Examination
Committee

Dr. Nektarios Vlahakis
(Supervisor)

Dr. loannis A. Daglis

Professor
Section of Astrophysics, Astronomy and
Mechanics
of the Department of Physics, NKUA

Professor
Section of Astrophysics, Astronomy
and Mechanics
of the Department of Physics, NKUA

Dr. Michael Tatarakis
(Co-supervisor)

Dr. Apostolos Mastichiadis

Professor
Department of Electronic Engineering of
the Faculty of Engineering, HMU
/Institute of Plasma Physics and Lasers

Professor
Section of Astrophysics, Astronomy
and Mechanics
of the Department of Physics, NKUA

Dr. Nektarios A. Papadogiannis

Dr. Maria Petropoulou

(Co-supervisor)

Professor
Vice-Rector of the Hellenic
Mediterranean University (HMU)
/Institute of Plasma Physics and Lasers

Assistant Professor
Section of Astrophysics, Astronomy
and Mechanics
of the Department of Physics, NKUA

Dr. Vasilis Dimitriou

Associate Professor
Institute of Plasma Physics and Lasers
of the HMU




In memory of my Dad

Dedicated to my children Giorgos, Vasilis and Panayiotis



Motivation phrases

"Carpe Diem"

"Ad astra per aspera”

"There is no royal path to conquer knowledge"

"It is never too late. Try hard for your life dreams and
surely, one or two, will become true"

"You have to remember that, sometimes, the journey
counts, not the destination!"



Abstract

The main goal of this work is the numerical investigation of the plasma dynamic
evolution of Z-pinch and X-pinch devises. A more thorough investigation of the jet
formation mechanisms and dynamic evolution of a two-wire tungsten X-pinch
formation along with experimental validation is presented. Additionally a possible
correlation to astrophysical jets of YSO and HH objects is discussed. Specifically this
study contributes to the estimation of the scalability factors and all the relevant
numbers and parameters for a low current X-pinch tungsten plasma configuration.

In order to achieve robust, flexible and realistic computational simulation models, a
variety of different numerical and physical schemes is needed. An extra study for this
dissertation, is the synthesizing process of extracting physical formulas for all the
dissipative terms for all density and temperature regimes. The synthesis of different
physical formulas for piece-wise functions or correction factors to already known
formulas or combination formulas, provide flexibility for any MHD numerical scheme
and also, for any Z or X-pinch configuration at any density, thermal pressure and
plasma temperature regime. The graphic presentation of these formulas, as a
comparison evaluation tool with experimental/semi-empirical or other studies data, is
provided and estimated by the author.

The mathematical transformation of any Local plasma configuration to the Global
coordinate system is a supplementary and necessary study, as it provides the
appropriate spatial profiles for all the physical variables and assisting for the best
spatial resolution that can be computationally executable. Moreover, the mathematical
transformations through rotation and displacement matrices are presented correlating
the mass density, thermal pressure and magnetic field Local components to the Global
ones. The latter is important due to the novelty of the initial condition spatial
implementation of the magnetic field. Examples of Z and X-pinch configurations are
discussed according to these transformations. Information over the physical,
mathematical and numerical implementation procedure of the new modifications to
the code and the significance they have along the simulation run, is presented and
discussed. The choice of the appropriate Riemann solver, the radiation transport
module, the appropriate boundary conditions for the computational box, the magnetic
field initial topology and the correct updating along the simulation run are, among
others, subjects of this thesis analysis!

Two specific simulation applications of these transformations are preliminary tested
and evaluated, through the experimental and other simulation studies bibliographic
data. The first is a "cold" start X-pinch configuration using two unmerged metallic
tungsten wires, starting just before the ablation phase and the merging in a denser
cross-point area. The focus of this simulation is at the cross-point area. The study ends
when the merging is succeeded and the formation of the axial jets is initiated.
Similarities with astrophysical jet mechanisms, are discussed. The second is a four
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tungsten, thin wire, low current Z-pinch array configuration study till the stagnation
phase. Both studies present novel and very promising results for future work.

The computational results study presents the dynamic behavior of 1/4 spatial model
of a single tungsten Z-pinch wire evaluating the contribution of the radiation transport
module to the appropriate plasma evolution. A 1/16 spatial model, of an X-pinch
tungsten plasma configuration for a wide wire angle, is subsequently studied. The
spatiotemporal plasma jet formation and evolution is presented and discussed. The
simulated areal mass density is compared with the experimentally measured dense
opaque region to enlighten the dense plasma evolution. In addition, the measured
experimental areal electron density is compared to the simulation results. The main jet
formation mechanisms are analyzed and discussed in relation to the influence of the
JxB force and the mass momentum density.

The physical and numerical modeling differences of GORGON and PLUTO and their
influence on the simulation results are demonstrated and analyzed, for a sharp two-
wire tungsten load X-pinch geometry. Six different computational MHD schemes are
presented at a specific spatial moment only for PLUTO. The model comparison provides
valuable information on the improvement of flexible and efficient X-pinch models
according to the experimental data and offer crucial insights on the mechanisms of
plasma evolution and jet formation.

The scalability and jet astrophysical relevancy estimation, for the wide wire angle X-
pinch pulsed power configuration, is attempted. All relevant dimensionless numbers
are calculated for the X-pinch plasma and compared to the ones of other laboratory
astrophysics experiments and to the ones of YSOs, HHs and other astrophysical objects.

Keywords: MHD, plasma, Astrophysical jets, YSO, Laboratory Astrophysics, PLUTO
code, GORGON code
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Tuvtoun NepiAndn

H epeuvntikn ouvelodopd tng mapouong StatplBig adopd tpeig eMPEPOUG EPYATILEC.
MpwTtov, TN HOBNUATIKY KOl YEWHETPLKN LOVTEAOTOINGN TWV APXLKWV CUVONKWV Tou
adopolv TNV TUKVOTNTA UANG, Tn O€PULKN TILEON KAl TOU OVTIOTOLXOU HAYyVNTIKOU
niediov oto payvnToldpoduvaplkd Kwdika yio Tn BEATIOTN XWPOXPOVLKA €EEALEN Kall
ocuunepipopd TOU TAACOPOTOC. AeUTEpov, TN OUVOETIK epyacia  PUOLKAG
povteAomnoinong OAwv Twv GUOIKWV MAPAPETPWY TIou eNnpedlouv tn SuvapLkn eEEALEN
TOU TAQOMOTOC KOl TOU HoyvnTkoU Tmediou, OMwG, n NAEKTPLKA Kol Ogppikn
aywyLuotnta, to LEwdeg, o AoyaplBuog Coulomb, oL kataotatikég e€LloWOELS, 0 BaBuUOG
LOVIOHOU, n HeTadopd Kal n amwAela tn¢ aktwvoPoAiag tou mAdopatog. H Sgltepn
autn epyacia, mpoodEépel AVon otn Puaolkr povteAomoinon mou adopd OAEG TIg
TIEPLOXEG TIUKVOTATWYV Kal BepUokpaclwy Tou MAdopatos. O Tpitog Kol KUpLog o0TOX0G
gotialel otnv aplountkn Stepelivnon Kat povteAonoinon tneg dSuvapikng e€€ALEnc tou
MAAOUOTOG KOL TOU TOPAYOHUEVOU  HOyvnTIkoU TEeSlou  TapOyopeEvo  amo
omrtonAektpovikeg Olatafelc Z-pinch kot X-pinch, povwyv, SutAwv Kal ToAAwv
METOAAKWY KAAWSiwY UTO cuVvBNKeC HEYAANG TUKVOTNTAG KL BEppokpaciag, yo tnv
efaywyn OUUMEPOOUATWY TOU TPOMoU Onuwoupylag kat TG Suvaplkng eEEALENG
OUYKEKPLUEVWVY aoTaBELWY, TNG KEVIPLKNAE TEPLOXNG Tou X-pinch aAAd kupiwg yla tov
TPOMO OXNUATIOUOU TWV TIOAKWVY TTAACHATOC TTOU TIPOKUTTOUV amo Statdfelg X-pinch.
Ma to Adyo auTo, évag apxlkd aoctpoduaotkog kwdikag, o PLUTO, éxel SlapopdpwOel kat
povtehomolnBel pe emtuxia, ywo tnv peAETn Twv TpoavadepBéviwy Slatdtewv
mAdopatog. Evag Sevutepoc kwdlkag, o GORGON, xpnolpomoleital w¢ gpyoaAeio
ouykplong kot afloAoynong oe povtéda Siatdaewv X-pinch. Ta cupmepdopata mou
g€ayovtal Sivouv MOAUTIUEG TTANPOGOPLEG YLIa TOV TPOTIO CXNUATIOUOU TWV TISAKWV
TAAOATOG KAl TwV payvntolidpoduvapikwy aotabelwy. KataAnKTikd mapouaotaletal n
mbavr CUOXETION TWV EPYOOTNPLAKWYV TIUSAKWY TMAACHATOG HUE TOUC OVTLOTOLXOUG
TIOOKEC TIOU TPOKUTITOUV Omo veapd oaotpoduoika avikeipeva (YSO's) kot
avtikelpévwy Herbig Haro (HH). Zuykekpuuéva aut n epyacia ouvelodpEpel otnv
EKTINON TWV MOPAYOVIWY KALMOKOG KOl OAWV TWV CXETIKWV adlAoTaTwY aplOpwy Kal
TIOPAUETPWY TIOU adopoUV TN CUOCXETION TWV AOTPOPUOCIKWY KOL EPYACTNPLAKWV
TOAKWY TAAOUATOG TOU Tapdyovtol amo pia dtataén X-pinch, 600 kKaAwdiwv
BoAdpapiou, xapunAol moApKoU pev LATOG.
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Figure 3.16 The dashed lines are the modified Spitzer's plots and the solid ones
the experimental and semiempirical data. The previous polynomials fittings are
depicted only at DeSilva's work (mostly) for 6000K, 8000K and 10000K. The rest
are lines of the raw experimental data. The red line is for 6000K, the yellow for
8000K, the green for 10000K, the cyan for 30000K, the blue for 50000K and the
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to the originally modified Spitzer formula........ccociviiieeciece e e

Figure 3.18 i. Top graph: Plots of the low temperatures up to 10000K. The cross
points are of the solid tungsten density, the pink stars of liquid phase at 15
gr/cm® and the three temperatures of figure 3.17 with the exponential fit
correction and the linear fit for the overdense region proposed at 3.57 equation
system. The circle points are (mostly) Da Silva's extended semiempirical and
experimental data of the polynomial fitting.

ii. Mid graph: Plots of temperature range, 30000K up to 90000K. Four
temperatures depiction of the modified Spitzer formula with linear fitting for
the overdense region proposed at 3.57 equation system. The black solid line is
the Spitzer modified formula while the dash-dotted is with the exponential fit.
The circle points are experimental and theoretical semiempirical literature data
of the previous analysis without function fitting.

iii. Bottom graph: Plots of every temperature from 0.025eV (300K) to 165eV
(1914660K) that is mentioned in this theoretical study without the experimental
and literature data points. The Spitzer plots or temperatures >10eV are
unmodified, using the original FLYCHK data for Z.s while the In/\=26—|n(T’1Ne°'5)
valid for T>10eV. All curves are linear fitted at the overdense region (>~10
gr/cm®).The solid and liquid temperature symbols are the same of the top
graph. The electron densities have a range from 10*2e/cm?® to 10**e/cm? for all
graphs and mass density from ~10™gr/cm? t0 10%8r/Cm>. ..o,

Figure 3.19 i. Top graph: Plots of temperature range, 6000K up to 90000K. The
cross and star black points are the solid and liquid of figure 3.18. The circle
points are (mostly) Da Silva's extended semiempirical and experimental data of
the polynomial fitting. The experimental data of the other works up to 90000K
are the same of figure 3.18. The Qg, electron-neutral momentum transfer is the
spatiotemporal formula of equation 3.66. The density and electron density have
the same value range as the ones in figure 3.18.

ii. Bottom graph: The same plots are depicted here but with Q., having a mean
constant value of 10™*® cm? for the 6000K, 8000K and 10000K and 10 *cm? for
TNE FESE CUIVES ... ettt sttt e e e st saesae et aesben e e st eee aeseennen

Figure 3.20 i. Top graph: Plots of temperature range, 0.52eV up to 165eV for
the unmagnetized case (B=0). The cross and star black and magenta points are
the solid and liquid of figure 3.18/3.19. The circle points are (mostly) Da Silva's
extended semiempirical and experimental data of the polynomial fitting. The
experimental data of the other works up to 90000K are the same of figure
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3.18/3.19. The density and electron density have the same value range as the
onesin figure 3.18.

ii. Middle and bottom graph: The same plots are depicted for the B=10> gauss
and B=10® gauss respectively. The legend columns are common for all

Figure 3.21 The 3D isotherm surfaces as a function of magnetic induction and
mass density. The magnetic field is 10°-10° gauss (very low to high magnetized
plasma), mass density ~10™'gr/cm®-~10%gr/cm®. The isotherms are 0.52eV-

Figure 3.22 The 3D isotherm surfaces as a function of mass density. The
magnetic field is 10° gauss at the top graph, 10° gauss at the middle and 10®
gauss at the bottom. The mass density is ~10™gr/cm®~10°gr/cm® and the
isotherms of 0.52eV-165eV hold for all three graphs. The experimental and
semiempirical data are the same of figures 3.18, 3.19 and 3.20.....cccccceeeererrcrvenen.

Figure 3.23 Parallel component of thermal conductivity k;; estimated by
Wiedermann-Franz law substituting o from the modified Spitzer (dashed lines of
3.16 plots). The star point plots the result obtained in the experimental study by
Satoshi Sugimoto et al. The circle and diamond point plots are semi-empirical
estimates obtained using the Wiedermann-Franz law with Rakhel’s
FESUIES vttt st ctece ettt et e e see s teste et et et e e seestestesas et aesen e e st sbesasersaesten e e st et ane ennnanen

Figure 3.24 Top graph: Parallel component of thermal conductivity ki
estimated by Braginskii's model. The star point plots the result obtained in the
experimental study by Satoshi Sugimoto et al. The circle and diamond point
plots are semi-empirical estimates obtained using the Wiedermann-Franz law
with Rakhel’s results. The temperature range is 0.52eV-6.03eV.

Bottom graph: The same component is depicted using the same model,
experimental and semiempirical data but for InA we use the effective quantum
Coulomb logarithm as calculated from the Born approximation and Debye
potential of 3.64. The temperature range is 0.52eV-165€eV......ccccoevreereevrveecvevnrnnnnn

Figure 3.25: Braginskii and Spitzer like, MD based shear viscosity coefficients.
The temperature values are the same as the ones of figure 3.18 at the resistivity
section. The mean ionization state Z.s is extracted from the modified tabular
data of the FLYCHK code. The Coulomb logarithm used is InA=23-In(ZT
13Ne®?), taking into account the Ze of the ions (cut off value is 2). The liquid
ViSCOSity is dePiCted At 15 BI/CM ... oeieeeeeeeeeeeee e ere e et e oo

Figure 3.26 3D isotherm surfaces of v, Braginskii viscosity coefficient as a
function of mass density p and magnetic field strength B. The magnetic field
magnitude range is 10°gauss<B<10%gauss. The mass density is from solid to very
thin plasma (19,2gr/cm3<p<~10tgr/cm?), electron density
10*e/cm><N.<10**e/cm® and the temperature values are the same as the ones
of the figures 3.18 and 3.25. The 2D graphs are the lowest (B=1 gauss) and the
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highest (B=10% gauss) magnetized slices of the 3D graph. The mean ionization
state Zes is extracted from the modified tabular data of the FLYCHK code. The
Coulomb logarithm used is InA=23-In(Ze¢ T > Ne®?), taking into account the Zegs
of the ions (cut off value is 2). The liquid viscosity is depicted at 15 gr/cm? at the
2D graphs and the temperatures are the same of figure 3.25.......c.ccvvvevecvecer e

Figure 3.27 3D isotherm surfaces of v4 Braginskii viscosity coefficient as a
function of mass density p and magnetic field strength B. The magnetic field
magnitude range is 10°gauss<B<10%gauss. The mass density is from solid to very
thin plasma (19,2gr/cm3<p<~10tgr/cm?), electron density
10*e/cm><N.<10**¢/cm® and the temperature values are the same as the ones
of figures 3.18, 3.25 and 3.26. The 2D graphs are the lowest (B=1 gauss) and the
highest (B=10® gauss) magnetized slices of the 3D graph. The mean ionization
state Zetr is extracted from the modified tabular data of the FLYCHK code. The
Coulomb logarithm used is InA=23-In(ZeT>Ne®®) taking into account the Zeft
of the ions (cut off value is 2). The liquid viscosity is depicted at 15 gr/cm?at the
2D graphs and the relevant temperatures are the same of figure 3.25...................

Figure 3.28 Slice of a Z-pinch plasma cylinder, radius R, at the XY plane................

Figure 3.29 Flow chart of the viscosity tensor scheme through the two different
approach approximation of this analysSis........ccveieeieicinieiecieccee e e

Figure 4.1 Presentation of the Local coordinate (X;Y;Z;) and its displacement
according to the GIobal (X,¥,Z) ettt r et s s

Figure 4.2 Presentation of the Local coordinate (x;,yi,zi) and its rotation angle ay;
according to the Local (X;Y;Z) and its displacement according to the Global

(X, Y1 Z) e eteere et et eet et et s te e ettt e e s teete e et et e n e et ebeauees et tesbea it et etesaeenn et aenaen sbeennes

Figure 4.3 Presentation of the yiz slice of the Local coordinate system, the
depiction of the plasma cylinder slice and the azimuthal magnetic field line.........

Figure 4.4 Presentation of the xy slice of the Global coordinate system, the
depiction of the plasma cylinders slices, the displacement radius Rg; and the
FOLALION ANEIE Bpeeeeieriieie ettt et sae et sbe v beaaeesteaesbesbesnsaesasestessbennns

Figure 4.5 Schematic representation of the yz slice of the Global coordinate
system and the illustration of the plasma cylinder slices of the X-pinch
configuration. The Local (x,y1,z1) and (x,y2,z;) coordinate systems and the
rotation angles ai1 and aiz of each X wire are depicted with red and blue
[olo] Lo YU o Ty o T=Tot {1 V7] Y RS TPTRSRSST

Figure 4.6 Presentation of the xz; and xz; slice of the Local coordinate system of

the plasma cylinders of the X-pinch configuration. The azimuthal magnetic field
and the magnetic field line are depicted outside the plasma cylinder.....................
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Figure 4.7 Presentation of the yz slice of the Global coordinate system, the
depiction of two random plasma cylinders slices i and j with y; and y; Local axis
of symmetry respectively, the displacement radius Ro; and Ry of their origin and
the rotation angle a around the x; and x; axis of the Local axis system. For
reasons of simplicity, we consider that the two cylinders have their origins
before rotation on the y axis, while the x; axis is pointing vertically outside the yz
plane and the x; inside it, corresponding to a ej—9i=180° angular axis origin
(o Ty o] F= Yo=Y =T o | TR

Figure 4.8 Top row: 3D model of the mass density (in gr/cm?) cylindrical
geometry of a single wire Z-pinch plasma cable for t=0 simulation time. The left
picture is the xy slice at Z=0 depicting the mass density inside the computational
grid. The resolution grid cell has 1um length at each dimension while the unit
program length is 10um (0.001cm). The right 3D contour plot picture presents
the bounding box axes system at the edges of the box for better visualization.
The Global axis center is displaced 100pmx100umx200um (xyz) at each
direction respectively, while the Local/Global axes origin (0,0,0) is at the center
of plasma cylinder.

Second row: The left picture is the xy slice of the magnitude of magnetic
induction (in gauss) at the Z=0 plane. A lineout is taken from -50um to 50um
along X axis at Y=0. The right picture depicts the lineout curve of the magnetic
induction of the left picture.

Bottom row: The left picture is the xy slice of the magnitude of current density
(in gauss/cm) at the Z=0 plane. A lineout is taken from -50um to 50um, along X
axis at Y=0. The right picture depicts the lineout curve of current density from
the lineout of the left PICtUIrE.....cco i e e

Figure 4.9 Top row: The left picture is a 3D X-pinch two wire configuration at
tsim=0 (3ns from the current start). The radius of each cable is 20um (8 times the
cold metal radius), while the computational box is Immx10mmx8mm (x-y-z).
The center of the Global axis system is displaced 100pumx100umx200um (x-y-z)
at each direction respectively while the Local/Global axes origin (0,0,0) is at the
crosspoint of the two plasma cylinders. The right picture is a magnification of
the crosspoint area depicting the merged ablated plasma cylinders with an
initial angle of 100% The ai; and aiz rotation angles are 40° and 140°
respectively.

Middle row: The left picture is a presentation of the magnetic field streamlines
depicting the spatial areas of the B and Bgional dominance. The right picture is
of the same configuration depicting only the Global magnetic field.

Bottom row: From left to the right we see Z=0, Z=0.08mm and Z=0.8mm
depiction of parallel Z planes. The Bgiopa dominancy at the crosspoint area (Z=0)
is gradually transformed (Z=0.08mm) to Local magnetic spatial areas near and
around the plasma wires, while the Bgiopal is dominant at the intermediate and
far away zones (Z=0.8mm). All units arein c.g.s. SYSteM....c.cceeeeveceeveecececeee e

Figure 4.10 Top row: The left picture is a full experimental scale 3D X-pinch two
cable configuration of PLUTO code at t,,=0 (0.5ns from the current start). The
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radius of each cable is 3um (1.2 times the cold metal radius), while the
computational box is 20umx8000umx15000um (x-y-z). The right picture is a
magnification of the crosspoint area depicting the initial merging phase of the
ablated plasma cylinders with an initial angle of 60°. The a1 and a1z rotation
angles are 60° and 120° respectively. The displacement distance at the x Global
axis of each Local center is 90% of the cold metal wire (2.25 um).

Bottom row: i. The left picture depicts the mass density of the xy plane at z=0
Global axis system. The computational mesh has 1um spatial unit cell, while the
displacement dnax=2.25um and plasma cable radius rc=3um are presented. The
density isocontours depict a clearer view of the cable center and displacement.
ii. The intermediate picture depicts the vectors of the magnetic field and the
isocontours magnetic field lines at z=0 Global plane.iii. The right picture depicts
the same physical values at the z=50um plane. The twisting of the magnetic
field lines is obvious due to the cables x displacement. All units are in c.g.s.
LYY E T o o PN

Figure 4.11 A time sequence photo depiction from tsm=0ns till 5.5ns (the
parenthesis time is measured from the current start). This is a GORGON code
model having at tim=0ns the initial cold metallic radius of 2.5um and initial
tungsten metal density of 19300 kg/m?>. All units are in SI. The spatial resolution
is 1.25 um. The two-contour depiction focuses on the thinner plasma evolution.
The insert 2D pseudocolor photos are of the xy Global plane at z=0 and they are
not at the same scale of the 3D pictures. The legend pseudocolor column has at
all photos the same lower value of 0.001KE/M>....oo.vveeereeerereeeeeeeeeeeseeeeeeseess s eneennen

Figure 4.12 Top row: 3D pictures of mass density at the left and mass density
with magnetic field vectors at the right. The vector depiction has 10*gauss lower
value and 10°gauss maximum.

Middle row: 2D pictures of the mass density's xy plane with the magnetic field
vectors at the left and the magnitude of the magnetic field at the right. The
lowest value is 1 gauss.

Bottom row: 2D pictures of the initial temperature distribution of the top cable
(left picture in logarithmic scale) and the magnitude of the current density (right
PICLUrE iN HNEAT SCAIR)...ivieieie ettt et e s e e en

Figure 4.13 The left picture has the four plasma wires placed by pairs
symmetrically on the x and y axes depicting the mass density and the magnetic
field vectors at 20ns from the current start. The right picture has the centers of
the wires rotated counter clock by 45° depicting the same time..........coeeeeeveeeeene.

Figure 4.14 The time sequence of the four tungsten wire array at xy plane. The
temporal instants are from 30ns to 250ns from the current start (parenthesis
values), depicting the initial ejection of the plasma streams till the expansion of
the central plasma column. The mass density legend goes from 5:10°gr/cm? to
0.1gr/cm?, while have the bulk velocity from 100m/s to 10KM/S........eververreeeerree..

Figure 4.15 The evolution of the Local/Global magnetic field isocontours from
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67.5ns to ~200ns depicting the evolution of the Local magnetic field around
plasma cables, the Global at the central area and the area around the array
formation and the beginning of the Local formation around the precursor
column at later simulation tiMeS.......ccoce e e s e s

Figure 4.16 The input data in the code is at the primitive form, the execution
uses the conservative and the output again is at the primitive form........................

Figure 4.17: The input/output data of thermal pressure P cyclic correlation with
internal energy pe and effective ionization charge state Zeffee.ocooceveeeecceeeeeveie e,

Figure 4.18 The top picture depicts the Z-pinch formation of the 4.9 figure with
the Cartesian computational mesh depiction of the 1/4 spatial distribution of
the computational box. A magnification picture is the one at the bottom left,
depicting the computational cubic cells, while the magnification of one cubic
cell of 1um edge is the one at the right bottom picture. The grid consists of
200x200x40 cubic cells at X-Y-Z axis reSpectiVely......cuecvecveeeieeirecveieiee e e

Figure 4.19 3D computational grid with NX1 = NX2 = NX3=8 and 1 ghost zone

cells giving NX1_TOT = NX2_TOT = NX3_TOT=10. Internal zones (magenta

boxed) are spanned by IBEG <i <IEND, JBEG < j < JEND and KBEG < k< KEND.

Grey colored boxes represent boundary ghost zones. The front line ghost cells

are not depicted except the transparent first at the left corner.......coceveevevecvneeennes

Figure 4.20 PLUTO models of Z-pinch, Z-pinch array and X-pinch configurations.
The first row depicts the whole configuration and the other two 1/4 and 1/8
symmetric models respectively presenting the set of boundary conditions for
each case. The 2D pictures are at the mid plane of the computational box............

Figure 5.1.1 Top left: the building of IPPL, Top right: An external picture of the
X-pinch setup with the vacuum chambers. Bottom left (A): The initial position of
the two wires inside the vacuum chamber connecting the anode and the
cathode. Bottom right (B): the final geometry of the two wires after 185°
rotation of the anode for the creation of the X-pinch configuration.....................

Figure 5.1.2 Schematic presentation of the CESG electrical system involved in
PUISE COMPIESSION....ucuietietierietietiee ettt eeeaeeaeeteeteetestesteste st see e s e ssssessessessessesses st nanen
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Figure 5.1.3 Oscilloscope recorded signals and their computed integrals. Arrows
indicate the corresponding vertical axis. The current waveform presents a peak
CUITENE OF MAB KA.ttt et st s te s e e rae s tesae s e s aeses e e st see aessennes

Figure 5.1.4 2D schematic presentation of the interferometer/shadowgraphy
EXPEIMENTAL SEEUP.c.uiiie ettt et st st s s et aer e saesasess e s aenaes seeennes

Figure 5.2.1 Flow chart of the 4 EOS, the two Riemann solvers and the two
vacuum temperature evolutions used at this study, resulting in 16 different
MOTEI CASES...viiititieeiet ettt ettt ettt st st e e s st e e e e s s s se e e e e s s bes se e s

Figure 5.2.2 Initial distributions of material density p, thermal pressure p,
magnitude of magnetic field Bnag temperature T(eV), electron density Ne and
radiation energy density E;.q over XY plane cross section. Spatial resolution is
~7um at x,y dimensions and 10um at the z. Unit length in all graphs is 10pum.......

Figure 5.2.3 Electron density for the 16 different test cases at 22ns from the
CUNTENT ST e e e e e e s s s e e e e

Figure 5.2.4 Magnitude of magnetic field for the 16 different test cases at 22ns
FromM the CUITENT STAMt.....cceeeeeceect ettt e r et e b et e st e eneene

Figure 5.2.5 Temperature distribution for the 16 test cases at 22ns from the
CUPTENT STAMT.uttieee sttt e ettt st s aes e st s et s are et sessessesere et sesastesare et seenes sessnsns

Figure 5.2.6 Influence of the radiation transport model. The results including
the radiation transport are depicted on the top row. The temporal moment is
22NS from the CUrreNnt Start.......coocicieieecce e et r et et s aenan

Figure 5.3.1 Characteristic images of the plasma density spatiotemporal
dynamics and of the magnetic field lines evolution, at four different times from
the current start. A section of 0.8x1.5x2.2mm of the entire solution domain is
PIESENTEM. .. .o ceiitietieee ettt e e rte st ste e et ee s e s e e saesbeeaees et aesben st steatesusersnns seseesens

Figure 5.3.2 Simulation vs Experimental results of the front (left column) and
side (right column) views of the areal mass density evolution. The dashed lines
indicate the opague region DOArders....... e cceeecce e e e s

Figure 5.3.3 Spatiotemporal evolution of five geometrical plasma lengths which
support the demonstration of the spatiotemporal plasma dynamics. Ls: Plasma
jet length in front view, Dys: Plasma front width at cross-point, Dg: Plasma side
width at cross-point, Ds: Maximum jet width and Ls: Distance of Ds from the
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Figure 5.3.4 Simulation vs Experimental results of the areal electron density on
yz plane (front view). The white arrows indicate the simulation and
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experimental expansion lengths from the axis of the wire to the 6 x 10*® cm’
density contour which is taken as reference........cceevieeccece et e

Figure 5.3.5 (a) Graph of four evolution curves of the axial fluid jet velocity Vz,
along the z-axis at 12, 20,36 and 49ns. (b) The temperature grayscale map (0.05
- 50 eV) and the vectors of the thermal pressure force (-gradP) are colored
according to their magnitude (1.010™-1.010" dyn/cm®).ce.ceeeeveoreee e

Figure 5.3.6 Characteristic plasma volume mass density contour plots 36 ns
from the current start. The JxB force and momentum pu are represented in a
vector form. The grayscale arrows represent the momentum and are longer
than the JxB force arrows, which are colored by the blue-white colormap. (a)
Front view, (b) side view, (c) and (d) top views at z=400 and 800 um,
respectively. The density colormap (1.0 x 10° - 1.0 gr/cm?®), the magnitude
colormap of the momentum (1.0 x 10° - 5.0 x 10* gr/cm?®s) and the JxB force
(1.0 107 - 1.0 x 10° Gauss?) apply t0 all VIEWS..........eveeeeeeeeeeere e see e sreese e

Figure 5.4.1 The computational domains of GORGON (XYZ) and PLUTO (xyz).
The magnified section of the X leg presents the 100 x 100 um cross section of
the mass density distribution at the simulation start. A magnified by 200 times
detail of the models common grid, is demonstrated.........ccccovvevvvevercecceccee s e

Figure 5.4.2 Plasma density spatiotemporal dynamics representative results, on
the XZ, Y=6 plane, at 10,20,30,40,50 and 60ns respectively. The symmetric
results obtained by PLUTO are plotted and mirrored on the central symmetry
dashed-dot line (see 2a), within the dashed window of size 2.8x3 mm, over the
computational results provided by the GORGON code (4<X<8). The magnetic
field is presented for both codes at 20 and 40ns in (2g) and (2h), respectively......

Figure 5.4.3 Characteristic results of the plasma mass density spatiotemporal
dynamics for six different PLUTO models 60ns from the current start.....................

Figure 5.5.1 The main plasma velocities at 49ns from the current start. The 3D
pictures present a XYZ 1/8 spatial computational box. From the left to the right
and from the top to the bottom are: mass density, bulk, Alfvén, sound, fast and
slow magnetosonic speeds. The lower cut-off value is 100cm/s for the velocities
and for the density the 5710 gr/cm®. The unit length at each axis is 0.01mm. All
units are in c.g.s. The plasma vacuum has, by hand, zero values........cccceeveevvrvennenne

Figure 5.5.2 Top and second row: The plasma sound M, Alfvénic M,, fast
magnetosonic M and slow magnetosonic Mg Mach numbers at 49 ns from the
current start. The lower cut-off values of the Mach numbers is 0.1 . The plasma
vacuum has, by hand, zero Mach value.

Bottom row: The YZ plane of the Mach number focusing at the jet's upper part.
The lineouts are taken at the jet's top (green line) and upper main body (blue
line) at the left picture while the lineout curves are depicted at the right..............
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Figure 5.5.3 The Reynolds and magnetic Reynolds number evaluated at 49ns
from the current start. The plasma vacuum is set zero by hand.......ccccceevv e eenee.

Figure 5.5.4 The Reynolds number isotherms for temperatures 0.52eV to 165eV

Figure 5.5.5 Top row: 3D graphs of the Braginskii's electron parallel component
at the left and the Peclet number at the right 49ns from the current start.
Second row: The YZ plane of the thermal conductivity at the left and the lineout
curve along Z axis from the near bottom area of the jet till its top (purple line).
Third row: The YZ plane of the Peclet number at the same moment and two
displaced lineout curves along Z axis. The first (blue line) is at the middle and
the second (red line) at the Jet tOP....uuiiririr e e s s

Figure 5.5.6 The Peclet's number isotherms from 0.52eV to 165eV.......cccccceevvrunne.

Figure 5.5.7 The temperature profile at 49ns from the current start. The left
picture is a YZ plane of the temperature taking 1eV and 30 eV as the lower and
upper limit depicting the jets range of interest. The vacuum plasma has a
constant temperature of 0.05eV. The lineout is taken along the jets main axis
producing the right temMpPerature CUrVe........oooeveceice e s

Figure 5.5.8 The top row presents the electron density at the left and the
radiation power density at the right. The lower value depiction at the power
density is 10 erg'scm™. The bottom pictures are the dimensionless cooling
parameter x at the left and plasma B at the right . The lower value depiction is
10%and 10~ respectively. The time is 49ns from the current start. The vacuum
values are set by hand zero except for the electron densities.......c.ccevevecveecencnens

Figure 5.5.9 A YZ plane depiction of the cooling parameter x. The three lineouts
are taken along Z axis for the jet at the bottom, middle and top area having
approximately the same spatial length of 0.3mm. The right picture depicts the
ThrEe lINEOUL CUNVES ..ottt et e st e et e enes

Figure 5.5.10 The top picture presents the MHD prediction for the localization
parameter. The isotherms are from 0.52eV to 165 eV and the density range is
~10gr/cm® to 10%gr/cm®. The bottom row depicts a YZ plane of the
localization parameter(left picture) at 49ns while a lineout is taken along Z jet's
axis presenting the outcome at the right picture. The lower and higher values
are 10® and 10° respectively presenting the parameters range interest for the
jet. The vacuum values have been set zero by hand.........ccooeveveivive e
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Exkteviic NepiAnn

A. XpoviKn mapouciaon, cuoXEton Kot EEALEN TWV KOLWVOTOMLWY TNG mapouong
S18akTopknG SLatpBric He tTn olyXpovn £peuva OE APLOUNTIKA KOl UTLOAOYLOTLKA
povtéda dratagewv Z kaw X-pinch.

OL maApkég Statatelc mapaywyng TAAOUOTOC Omw¢ ot Z-pinch kat X-pinch,
npoodEpouv €va povadlko TEpIBANOV yla TNV QVATTUEN Kal Katavonon Ttwv
dlotNTwv tou mMAdopatog efattiag tTnG MOAU amAng Soung toug. Elval éva medio pe
HEYAAO KoL OUVEXEC evdladEépov AOYW TWV CNUOVTIKA ovoduopevwv eDapUOYWV.
Tétoleg elval otn duoiki uPNAwWV EVEPYELWYV, OTNV EAEYXOLEVN TTUPNVLIKA oUVTNEN, OTNV
EPYOOTNPLAKA OLOTPOPUGCLKH, OTNV ONUELOKA EKTIEUTOUEVN padloypadia aAAd kal oTnv
OUVOPTIOOTIKA PBoaotky eumAekopevn ¢uotkr). Ol GopnNTEG YEVVNTPLEG TIOAULKNG
NAEKTPLKAG LoxVog (Z-pinch , X-pinch) petadépovtag pepikég dekadeg kA oto doptio
(oUpua) og PEPLKA NS, £XOUV Mo LEYAAN LoTOpLO EhapUOYWV OTWE ETILONG KAl BACIKWV
EPELVNTIKWY SUVATOTATWY TLYX. ONUELAKAG EKMOUTAG poadloypadio paAakwy Kol
okAnpwv axtivwv X (r.x. diatdelg X-pinch), peAétn tTng SUVAULIKAG TTUKVOU TAACUATOG
vPnANG evépyelag Kat TSAKwWY aoTtpodpucikol TAGOUATOC (T.X. SLATAEELG KWVIKWY
neploywv TMoAamAwv KaAwdiwv Z-pinch (Z-pinch arrays)). EmutAéov pmopolv va
naifouv onUaviikd polo otn PeAETN TNG SUVAULKAG TOU TIAAOUATOC QTTOCKOTIWVTOG
OTNV KALLAKWON TwV cUVONKWV TOU MAACUOTOG TIoU SnploupyolvTal ano peyaAutepa
pebpata.

Ta teleutaia 20 xpovia umdpxel €viovo evlladépov OtV avamtuén Twv
OpLOUNTIKWY TIPOCOUOLWOEWYV TETOWV Slatdfewv AOyw TNG TOAU  €VEPYNG
QVATITUCOOUEVNG EPEUVAC OTOV TOUEQ TNG EAEYXOUEVNG TIUPNVIKAG oUVTNENG aAAd KoL
oTNV epoppoyrn TETOLWV SLATAEEWVY OTNV €PYAOTNPLOKI) AOTPOPUGCLKN Kol OTN UEAETN
dawopévwy mou eivat SUokoAo va mapatnpnBouv Kal vo LeAETNO0UV aVAAUTIKA pIE T
onuepwva tnAeokomia. OL TPOCOUOLWOELS TIPOohEPOUV Eval TIOAU QPECO Kal EUKOAO
TPoG UEAETN meplBAaAlov oANG TaUTOXpova BploKovTol QVILUETWIEG HE Mia ouvexn
TMPOKANON, yld TNV OWOTH €0aywy OAWV TWV OMOLTOUUEVWY TIAPOMETPWY KO
dUOIKWV OpWYV, WOTE VO UIMOPOUV Vo £XOUV TIOPATIANGCLA KoL GUOIKA OVOUEVOUEVA
amoteAéopata cUpdwva HE TO Melpapa Kal tTnv mapatnpnon. To "mpoBAnua tTwv
OUVOPLAKWYV OuvONKWV" ota Oplad TOU UTIOAOYLOTIKOU XWPOU aAAQ Kol OTIG
Slemidpaveleg Twv UAKWY TNG pooopoiwong, amoteAsl pia SsUtepn mpokAnon Kupilwg
yla Th owoTth ouumepldpopd TOu HayvnTikou Tedlou, TNV pn avamtuén adpUoLkwv
Bepuokpaclwyv oTo TAGCMO oAAG kot  tnv amoduyn dnuiloupylag oaplOUNTKWY
"kKpouoTlkwv" peETwNWV Tieong kot Bepupokpaciag kot adUOKWYV  GALVOUEVWV
Slaxuong, mopapopdwoewv Kal avakAaocswv. Mia Tpitn mpokAnon yLo pia omattnTkn
npocopolwon Pe MoAAOUG GUOLKOUG OpouG Kal TIOAU KaAn XwpLlkn Slakplromoinon
elval n amattoupevn UTTOAOYLOTIKN LoXUG. MNa To Adyo aUTO Ta TEAIKA HOVTEAQ, OAwWV
TWV ETUOTNUOVIKWY HEAETWV Tou adopolV TETOLEG SLAaTALEL AAAA KAl ATIOLTNTIKWY
00TPODUCLKWY TIPOCOUOLWOEWY, XPElalovtal Tn ouvOépoun UTEP-UTIOAOYLOTLKWY
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OUOTNUATWY XPNOLUOTIOLWVTOE TAUTOXPOVO, KATA TNV EKTEAECN TNC mpocopolwaong,
OPKETEC EKATOVTASEC 1 XIAASEG UTTOAOYLOTIKOUC TIUPAVEG. AOYW TNG CUUUETPLOG TWV
Slataéewv Z kat X-pinch pe KatdAANAeG HETATPOMEC OTL OUVOPLAKEG CUVONKESG, TA
HOVTEAQ pmopolV va pocopoldoouy to 1/4, 1/8 1 1/16 tou MARPOUC CXNUATIOUOU,
HELWVOVTOC UE QUTOV TOV TPOTO TOV OplOUO TWV ATALTOUUEVWY TIUPAVWY aAAA Kol
auvéAavovTtag TauToXpova TNV LKavoTnTa KAAUTEPNG XWPLKAGS Slakpltomnoinong.

Tov 212 awwva moAAol aplBuntikol KWAKEG Snuoupyndnkav, avamtuxbnkav Kot
e€eAixOnkav WOTE va UMopoUV va UEAETAOOUV EPYOOTNPLAKA KAl 00TPodUOLKA
mAdopata. ApKeTEG GOpPEC, KATA Tn SLApKELX AUTAG TNG €€EALENG, TpomomollOnkav
WOTE VA UImopouVv va teplypaPpouv SLapopeTikd GUCLKA TIPOBAN LOTO OO TOV APXLKO
oxeblaopud toug [1-25]. KaBapoi Oteplavol (Eulerian) omwg o GORGON [1,9-15] n
kaBapot Aaykpavtllavol (Lagrangian) onwg o MULTI-2D [20,21] 1) pueiktol OiAeplavol-
Aaykpavtl{lavotl (Arbitrary Lagrangian Eulerian (ALE)) 6nwg ot ALEGRA [2-6] kot MACH2
[18,22] pumopouv va meplypaPouv pyacTnpLakd Kol acTpoduokd MAdopaTa. AKOua
kot kaBapol aoctpoduowkol kwdlkeg omwg ot ATHENA ko ZEUS [16,18] 1 apxika
aotpoduoikol omwe o FLASH [17], €xouv aflohoynBel kat dokipaotel os mpoBAnuata Z-
pinch povol kaAwdiou alAd kal og povtéla Statafewv Z-pinch moAMwv kaAwdiwv,
HEAETWVTAG TNV €vpnén Kal CUUTEON TOU TAQCMOTOC OTNV KEVIPLKN TEPLOXN TNG
Sataéng yla tnv HeAETN Ppavopévwy TTou epdavilovial oTnv TUPNVIKH cuvTnEn.

El6ikd 0 GORGON ta tedeutaia xpovia €xeL xpnolpomolnBel kot xpnoLlomoLeiTal yla
TN MEAETN HOyvNTO-USPOSUVOULKWY TIAACUATWY Tou adopolv €PAPUOYEG OTMWC
payvntiopéva jet mou mapayovrtal ano diatdafelg laser, Z-pinch kat X-pinch Siataéewv
HOVWV Kol TTOAAWV KaAwbiwy, Ta omoia mpooopoldlouV MELPAUATIKA EpyaoTnpLlaKka jet
aAAQ KOl EpyOOTNPLAKA jet 0K oXeSLAoUEVA VLA TN LEAETN UTIO KALpOKA avTioTolXwv
00TPodUCLKWV TIOU Ttapayovtal Kupiwg ano Neapd Aotpikd Avtikeipeva (Young Stellar
Objects (YSO)) mou oxnuatilouv "kopPBouc" ¢wrtoPfoAlolviog aegpiou, yvwotol wg
avtikeipeva Xépumiyk-Apo (Herbig-Haro (HH)). MNa auto to Adyo emAéxOnke o€ autnv
v dlatppr autog o kwdikag, oav evag deutepog kwdikag afloAoynong, pall pe tov
KUpLO, apXLKA aoTtpoduoIKng meplypadng, Otdeplavo kwdika PLUTO [26-27].

H mapovoa O&wdaktopikry SlatplBry €XEL oav KUPLO QVTIKEIMEVO Tn HEAETN TNG
SUVOLLKAG €EEALENC TTAAOMOTOG TIAPOAYOUEVO QATIO EPYOOTNPLOKEC OTITONAEKTPOVLKEG
Slataelg MaAAULKAG LoXUog xaunAol kal peoaiou nAektplkol pevpoatog (~50kA) pe
Xpovo avodou tng taAfng twv 50ns (Sataelg X-pinch kat Z-pinch). Ta payvnto-
USPOBUVOLLKA LOVTEAQ TIOU Xpnotpomolonkayv peAétnoav tn SUVOULKH cupnepLlpopa
Twv Tdakwv mAaopatog (jet) mou mapayovtatl and Statalelg X-pinch, tn Suvapikn
€€EMLEN TNG KEVIPLKNG TtEPLOXNG (cross-point) KaBwg Kal Twv payvnto-udpoduvapLKkwy
aotaBewwv mou Snuioupyouvtal (m.x. payvntikég Rayleigh-Taylor (MRT)). Ate€ny6n
HEAETN UTTO KALHOKA yla TIG GUOIKEC TIOPAUETPOUC TWV jet Kal TN CUCYETLON TOUG ME TIG
avtiotowxeg mou adopolv Actpoducikd jet mou mpogpyovtal and Neapd AoTPKA
Avtikeipeva (YSOs). Evag &eUtepog oTOXOG £ival n mAAPN HABnUATIKA Kal GUOLKN
neplypadr evog payvnto-udpoduvaplkol HovtEAOU KaBwG Kal pia 600 yivetal Anpn
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OPLOUNTLKN TIPOCEYYLON YLO TOV poyvnTo-udpoduvapiko Kwdika PLUTO. Me autov tov
TPOTIO O OUYKEKPLUEVOC 00TPODUOLKOGC KWOIKOC £YLVE LKAVOC OTO VO UTOpel va
TIPOCOMOLWOEL TA TOPATIAVW EPYOOTNPLAKA TAACUOTO HECW TWV AAAOYWV TWV
dUOLKWV TOU TIAPAUETPWY KAl GUOLKWV HEYEBWY TTOU UTIELGEPYOVTAL OTO CUCTNHA TWV
payvnto-uépoduvaulkwy  Sladoplkwv Tou eflowoewv  aAA KOl HECW  TNG
TMPOCAPUOYNG TWV NAON UMOPXOVIWV TEXVIKWYV TOU KWSOLKA OTO OUYKEKPLUEVA
gpyaotnplaka Oebopéva Kal apxlkéC ouvOnkec. Emiong n mAApn ¢uolkn Kal
pHaBOnuatiki HEAETN yla OAO TO €UPOG BEPUOKPACLWY, TILECEWV KAl TIUKVOTHTWY £6woe
™ Suvatotnta yla v e€aywyrn ouvaptioewyv ocUVOeoNC KaL avTioToLXWV apLlOUNTIKWY
Sebopévwy, Ta omoia mopoucLalovTal PE aVTIOTOLEC YPOPLKEG TTIAPAOTACELG £TOL WOTE
VQL UTTOPEL OTIOLOOSHTIOTE AVTLOTOLX0G KWALKAG va TteplypAPEL avTioTolxa MAACHUATA OE
omoladnmote TepPLoyn Tou Oev UMOPEL VO TIPOOEYYLOTEL YE piat amAnf HaBnuatikn
oxéon. Ta puoLka peyEDN mou avaAUovToL € QUTHV TNV LEAETN adopoUV:

i. TNV NAEKTPLKA QY WYLLOTNTA TOU TTAACATOG

ii. TNV OEPULKN AYWYLHOTNTA TOU TAACUOTOC

iii. To 1€wdeg

iv. TN HeTadOopA Kol EKTOUT OKTWVOBOALRG yiat OTTIKA Sltadaveg Kal pn Stodpaveg
mAdopa

V. TNV aplOuntiki ouoxEton tou Pabupol ovVIoHoU TOU TAAOHATOC HE TNV
Bepuokpacia kal TNV NAEKTPOVLOKK TIUKVOTNTA

Vi. KOTOOTATIKEG YPADLIKEG TTOPACTACELG TIOU GUOXETI(OUV apLOUNTIKA TNV TIlEon UE
TNV IuKvOTNTA Kol TNV Beppokpacia KaBwE Kol KATAOTATIKEG YPAPLKEG TTAPAOTACELS
CUOXETLONG TNG ECWTEPLKAG EVEPYELAG LE TNV TTUKVOTNTA Kal Tn Beppuokpaacia.

OAeg auUTEG oL avaAuoel adopolv TAGCUO TIOU TIPOEPXETOL ATO TO HETAAAO
BoAdpadutlo aAAd pumopouv eUKOAX va eNeKTABoUV o€ OMoLOSATIOTE UETAAALKO TTAGCUQ
HE KOTAAANAN TPOTIOTOLNGN TWV APXLKWV aApLOUNTIKWY TLHWV Kal GUCIKWY PeyeOwV Kat
TIAPOUETPWV.

H &ubaktopikry diatpBry ekivnoe kol ocuvexlotnke e plo ayaotr ouvepyaoia
HeETaED TOU TOMEQ AoTpoduoIKNG, Aotpovopilag Kal Mnxavikng Ttou EBvikou
Kamodiotplakou Mavemotnuiov ABnvwv (EKMA) kot tou Ivotitoutou Quoikng
MAaopatog kat Aéwlep (IPPL) tou EAANVikoU MeooyelakoU Mavemotnuiov (EAMEMNA)
otnv meploxn tpia Movaotrpla PeBUpvou. Zekivnoe tov AnpiAto Tou 2014 e TO YEVLKO
Titho " Mayvntiopéva jets otnv Aotpoduotkn kot oto Epyaotipto”. Ztig 10 Maiou tou
2021 InTNONKe Ko EYKPLONKE Ao TO TUAMA KOL TOV TOMER TOU N aAAayn Tou TitAou o€
"Mayvntiopévol Tidakeg otnv epyaoctnplaky Aotpoduaoikn". H kUpla SOUAELd TNG
EPELVNTIKNAG SpaoTNPLOTNTAG TPOOAVATOALOTNKE TIpoG TN BewpnTtik Slepelivnon Kal
HUEAETN MEOW QPLOUNTIKWY TIPOCOUOLWOEWY TNG OUVOULKAG OUUMEPLPOPAC TOU
TMAAOUATOG TIou Topadyetol amd Swatdfelg Z kat X-pinch. Na to Adyo auto
xpnotponoibnke o eAeBepng mpocBaong aotpodpuoikog kwdikag PLUTO. Adyw twv
OUVOETWY YEWUETPLKWY SOUWV TIOU ETPETE va EXEL N OLPXLKN SOUr TOU MAAOUATOG KoL
TO QVTLOTOL(O HayvNTIKO Tedilo, povieAomolOnKke, HECW XWPLKWY UETOTOMIOEWV Kol
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otpodwyv, N apXKn SopUn TOU MAACUATOG KoL TWV PUOLKWY TOU TIOPAUETPWY OTWE N
ukvotnta, n Oepulkiy Tmieon koL TO  poyvnTkOd medlo yla  omoiadnmote
XWPLKNA/YEWUETPLKN KOTAVOUN TOUG. EAEyxovtog TNV QMOTEAECUOTIKOTNTO QUTAG TNG
apXKAG Hovtehomoinong, €va tplodlactato povtédo piag dudtagng X-pinch, Suvo
KaAwdiwv BoAdpapiov, peAéTnoe TtV Xwpoxpovikn e€EAEN Twv SnuiloupyolUEVWY
TdAKWY TAAOHATOC KABwg KOl Twv aviioTtolwv poyvnto-ubpoduvauikwv (MHD)
aotaBfswwv mou oxnuatilovtal. To amoteAéopata tNg aplOUNTIKAG TPOCOUOLWOoNG
OuyKpiBNkav  pe  avrtiotolya — MELPAUOTIKA  OTOTEAECHOTO  OKLAypPOpLKWY
(shadowgraphy) elkovwv kat glkovwv wtepdpepopetplag (interferometry). Ou elkoveg
nponABav amd melpdapata mou Oie€nxbnkav oto IPPL. H cupdwvia mepapatoc-
TPOoOUOLlWOoNG AUTAG NG TPWTING TPOCEYYLONG  NTAV OAPKETA  LKAVOTIOLNTIKN
emdeKvUoVTaC TOV ypnyopo oxnuatiopd MHD aotaBelwv Kal T CUGXETLON TOUG LE
TNV TomoAoyia Kal LoxU Tou payvntikou mediou. Ta amoteAéopata TNG KLEAETNG QUTAG
TILPOUCLACTNKAV KOl SNUOCLEUTNKOV OE €va ETILOTNUOVLKO ouvedpLo Tou SLe€nxdn to
No£uBplo tou 2015 otnv ABrva [28].

AOYyW TwV HEYOAWV OPLOUNTIKWY OTALTHOEWY Kol OXETKA upnAol Babuou
Slakpltonmoinong to TeEAKA povtéla mpooopoiwaong dev Ntav duvatov va emtAuBouv
Kal va $pTAoouv oto TeAKO otaddlo amd €va amAo MPOCWTIKO UTtoAoyloth. Me autov
Tov "UumoxpewTIKO" TepLoplopd Eekivnoe tov NoépuPplo tou 2016 apykd yla TIG
UTIOAOYLOTIKEG QTOLTACEL TWV TIPOCOUOWWOEWY TNG Tmoapouong OSwatpfng pia
ouvepyaoia pe 1o EBVkO Aiktuo Ymodouwv TexvoAoylag Kol CUYKEKPLUEVO TNG
urnodoung ARIS [29]. H ouvepyaoia autry cuvexiletal LEXPL CAUEPQ TTAPEXOVTAG KATA
HECO 0p0 1.5-2.0 eKATOUMUPLO UTIOAOYLOTIKEG WPEG VA £TOC VLA OAEG TLG QTTALTNTIKEG
T(POCOUOLWOELG Tou IPPL. Ta TeEALKA HOVTIEAQ TWV TIPOCOUOWWOEWYV HE TN BEATIOTN
Slakpltomoinon amattouv mepinou 48 wpeg yla va oAokAnpwBolv oe éva ocloTnua
1000 nupAvwv Twv 64GB UTIOAOYLOTIKAG UVANG KOTA HECO OpPO.

To enopevo BrAua otn BeAtiotonoinon Tou KWALKA yla TNV LKAvOTNTa TEPLYPAdnC
TWV EPYAOTNPLAKWY TAACUATWY &ekivnoe to 2016 Kol adopoUoe TNV EL0AYWYH VEWV
oAyoplBuwv otov KwdKa. JUYKEKPLUEVO ELONXONKAV:

a. Mia Ttpomomoilnuévn kotoaotatiky efliowon petafld TukvotnTag, TEONC,
Beppokpaciag KoL ECWTEPLKAG EVEPYELOG XPNOLUOTOLWwVTAS aplountika dsdouéva amo
Vv Baon 6ebopévwyv SESAME Kal Tnv TpOmomoLnUévn Kataotatiky e¢ilocwon MGGB tou
EBvikou epyaotnpiou Tou Los Alamos L8ika yia to BoAdpauto [30].

B. AMwAeLEC aKTWOPOALOG ylot OMTKA OPOLA TTAACOUOTO XPNOLUOToLwVTaG tn Baocn
debopévwy amo tov FLYCHK kwdwka [31].

Y. NMpocdloplopog NG MUKVOTNTAG TOU TTAACUATOG KOTA TN OLAPKELD TNG EKTEAEONC,
ocuoxetilovtag TNV Ye To BaBuod oviopol Kal T Bepuokpacia. Mo Autov Tov OKOmo
XPNOLUOTIOLOUVTAL OPLOUNTIKEG TIMEC Yylot TO UAIKO Tou BoAdpapiou maAL amod tov
FLYCHK kw8wa [31].

6. Tpomomolnuévo pOVTéEAO peTadopd¢ akTvoBoAlag mTou XpNnOLUOTOLOUCE OfF
USPOSUVOULKEG AOTPOPUOIKEC TIEPUTTWOEL O KWOLKOG WOTE Vo CUUTEPAGPEL Kal
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£PYOOTNPLOKA  HAYVNTO-USPOSUVOLLKA TIAGOMOTO Onto  METOAMKA  UALKA (.
BoAdpaputo) [32].

€. Eloaywyn TG NAEKTPLKAG QAYWYLLOTNTOG XPNOLUOTIOWWVTOG HIO TPOTIOTOLNUEVN
ek&oxN TNG EVPEWG YVWOTA G HABNUATIKAG oX€ong Tou Spitzer.

OL TPOTOMOINOELS AUTEC SOKLUAOTNKOV UE emitu)io o pia amAn dwataén Z-pinch
povol koAwdiou BoAdpapiou, Sdivovtag koviva amoteAéopata ylwo tn Bepuokpacia
Kal tTnv €€dmAwon Tou MAAOUATOC OE OXEON UE aviioTolo Telpapa tng Siebvoulg
BBAloypadiag. Emiong OStamotwBnke n onUavtik ouvelcdopd TOU HOVTEAOU
petadopdg TG akTvoBoAiag yla Tn cwaoth avantuén kot popdoloyia Tou MAACUATOG
Slapopdpwvovtag tautoxpova ta enimeda TG Beppokpaociog ota avtiotowa emimeda
TOU TELPApaTOG Kat TNG BLBAloypadiag.

Ta amoteAéopato aUTA Tmapouclactnkav tov lovvio tou 2018 oe cuvedplo mou
SLe€nxOn otn moAN twv Xaviwv pe avtiotoyyn dnpocieuon [33]. To NoguPplo tou iSlou
€TOUG TTOPOUCLAOCTNKAV ETONG o€ SlEBVEG CUVESPLO TTOU TipayaTonolOnke otnv TOAN
Tou PeBUvou pe avaptnon avtiotolyou MNootep kal mepiAnPnc [34].

MovtéAa yla TNV TEAK TPooopolwaon Kol Tn OUYKPLon HE TO €PYACTnPLOKA
6edopgva, oAokAnpwOnkav kat aftoloynOnkav. Ta poviéha adopovocav diatafn X-
pinch pe kOplo otdxo tn Suvaplkr PEAETN TOU TMAACUATOC, TwV GUOLIKWY TTAPAUETPWY
TIOU TO XopaKktnpilouv Kal tn HeAETN TOU jet mou mapayetal. H popdoloyia tou kabwg
Kall N ToxUTNTA Tou gudavilel opoLoTNTEG Ue T avtiotolya peyEOn aotpoduoikwy jet
Tou Tpoépyovtal amo YSOs. EMAEXONKe €va TEALKO LLOVTEAO TTOU TIPOOEYYL{EL KAAUTEPQ
™ Sduvaukn kot duoiky cuumnepldopd Tou MAACUATOC, UE YVWHUOVA T TIELPAUOTIKA
Kal GAAWV epyooclwy, amnoteAéopata. To avrioTtola TMELPOUATIKA ATMOTEAECUATA
nponABav amod avtiotown Stataén tou IPPL. Epyacia mou nmapoucioos avalutikd OAn
autn tn PeAETN uToBARBNKe OTO €MLOTNUOVIKO Tteplodikd Plasma Physics and Control
Fusion (PPCF) to kalokaipt tou 2020, afloAoynOnke, €ywve Sektr Kal dnUOCLEUTNKE
NAEKTPOVLKA Tov OkTtwpplo Tou idlou xpovou [35].

MapdAAnAa woTtooo Eylve ekTevnG BewpnTik UEAETN Kal Stepevvnon OAwv Twv
GUCIKWV TIAPAUETPWY KOl TWV PUOLKWY OPpWV TIOU €lvall UTLEUBUVOL VLA TI OTIWAELES
Kat tn Onuoupyia aoctabewwv kot ¢awouévwv SldAluong tng popdoAoyiag Ttou
mAdopatog (m.y. Ewodoug, NAEKTPLKAG AYWYLUOTNTAG, OEPULKAG ayWYLULOTNTAG).
ATMOTEAEOUA QLUTAG TNG TTOAU UNVNG CUVOETIKNG gpyaciag Atav n e€aywyn ypadnuatwy,
aplountikwv Sedopévwyv KAl ouVOUAOTIKWYV HOONUOTIKWY OXECEWV YL TOUC
Kuplapyxouc autoug dpucikolg Opoug Omou Ba pmopouacayv va XpnoLponotnBouv Kal vo
eloaxbouv oe omoLodnmote HayvnTo-USPOoSUVAUIKO KWOLKa ylo OAo TO €UPOC TWV
TIUKVOTATWY, BEpUOKPACLWY KAl BEPUIKWY TILECEWY TIOU CUVAVTAUE OE EPYACTNPLOKO
Kal 0.0TpoduUoLKO MAAoUa. Me auTOV Tov TPOmo SlopBwOnkKav oL TIHEC PUOLKWV OpwV
OMWC TL.X. TNG NAEKTPLKAG QAYWYLHOTNTOG OTNV TEPLOXN TNC BEPUNG Kal TIUKVAC UANG
(Warm Dense Matter (WDM)) o6mou n pobnuatiky oxéon tou Spitzer €6wve peydaleg
amokAloel. Autrp n HeAéTn mapouclaletol eKTeVWG ota dU0 pEpn TOu Tpitou
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kepoaAaiov tng SLdakTopiknc StatpBrnc. Mia amod aUTEC TIC VEEC TPOCEYYLOELG yla TNV
NAEKTPLKI AYyWYLLOTNTA IPOOTEDNKE 0TO payvnto-udpoduva ko poviélo tou PLUTO.

Eniong kawvolpylol 6polL Kal TEXVIKEG TPOOTEONKAV KoL evepyomolibnkav otov
Kwdlka pe amotéAeopa tn PeAtiwon TG UMOAOYLOTIKAG CUUMEPLPOPAC KAl TNG
LKaVOTNTAC Yot SnLoupyia LIKPOTEPWV XWPLKWV LOVTEAWY, WOTE VA UTIAPXEL KOAUTEPN
Slokpltomoinon Kol  €0TIOON OE  OUYKEKPLUEVEG TIEPLOXEG TOU  TAAOMATOC.
Emypappatikad evepyomolnbnke o 0pog tnG BepUIKAC aywyLUOTNTAC KAl TPOoTEDNKE
€vag Tpitog Opog O AUTHV, OTO OPXIKO CUOTNUA TOU KWOLKA, 0mou AapPavel unoyn
Tou TN Bepuikn Staxuon oe katevBuvon kABetn oto eninedo mou opilouv n KAlon TG
Bepuokpaciag Kal To HayvnTko nedio. Emiong TEXVIKEG OTIWG N QTEVEPYOTOLNGN TOU
payvnto-udpoduvapuikou erhutn (Riemann Solver) otnv meploxn tou kevou, édwaoav
TNV duvatotnTa ylo KOAUTEPN XWPOXPOVLIKN €EEALEN TOU HayvnTkoU Mediou Kal tnv
KaAUTEPN SuVOLKR €EEALEN TOU TTAAOUOTOG XWPLG AUTO va EMNPEAETAL ATIO ADUGCLKEG
AVOKAAOELG KOL TIOPAHOPPWOELG OO TA UTIOAOYLOTIKA XWPLKA Opla.

Omote ploe Oeltepn MeAETN oAokAnpwBnke wote va efetactolv  Kal v
afloAoynBouv oL Kalvoupyleg TpooBnkeg kot aAlayég. Adopd tnv afloAdynon Tou
poyvnto-udpoduvaptkol Kwdika PLUTO pe TG KalvoUpyleg mPooOnKeg, ywo tnv ola
nepapatiky didtaén X-pinch, SUo koAwbdiwv BoAdpapiov aAAd pe mo otevh ywvia
HETAEU TOUuG. Ma TN PeEAETN auth xpnolpomolndnke kat €vag deltepog SleBvwg
avayvwplopévog kwdikag, o GORGON. O kwdlkag autog €xel xpnolpormolnBel kat
XPNOLUOTIOLEITOL Of  €PYACTNPLOKA TAGOUOTA KOL TAGOUOTO TPOCOUOLWONG
EPYAOTNPLAKAG AOTPODUOCIKNG UE TOAU HeydAn ermutuyxia. Auti n mpooBnkn oto
UTTOAOYLOTIKO TR Tou IPPL mpaypatonoliOnke pe tn BonBela tou kabnyntr) Andrea
Ciardi Tou Navemotnuiov NG ZopBovvne. H ouvepyaoia autr £ekivnoe to kadokaipt
Tou 2019 kal cuvexileTal HEXPL OAUEPQL.

‘E€&L povtéAa, pe SladopeTikEC PUOIKEC TapapETpouc yia Tov PLUTO kot €va ylo Tov
GORGON, oAokAnpwBOnkav kot xpnowuomodnkav yla tn HeEAETN autr. Itnv gpyaocia
auth aflohoyouvtal OAeG ol GUOLKEG TTapAUETPOL TNG duvaplkig Sltapdpdwong Tou jet
KOIL TNC KEVTPLKNG TEPLOXNG (cross-point area). H afloAdynon twv dUo mpooeyyioswv
Silvel MOAU kavomonTka Kal mapepdepn anoteAéopata. Ta 5L StadopeTIkA HLovIEAQ
tou PLUTO &ivouv SL0pWTLOTIKEG TIPOCEYYIOELC yla TO TG emnpealouv n BepUIKN
QYWYLLOTNTA Kal n Hetadoon aktwvoPoAiag Tn Suvaplky Tou TAAOUATOC, TN
Snuoupyia payvnto-udpoduvapilkwy actabelwy Kat Tng £EALENG Toug. Emiong av kat
OLaDOPETIKEC OL TTPOOEYYLOELG TNC APXLIKNC ELCAYWYIC TOU HayvNTLKoU TESIOU oTouG
600 KWOLKEC AAAG Kol O TPOMOC TOU XPOVIKOU EMAVONPOCSLOpLOpOU TOU, UTIAPXEL
afloonueiwtn ouvpdwvia otnv  popdoAoyia kAl TOmMOAoyio TOU  MEXPL Kol
LETAYEVECTEPOUG XPOVOUGC. AUTO amoteAel pia oxupn €vOelEn TNG CWOTIC MPOCEYYLONG
TOU XPOVLKOU  EMOVATPOCSLOPIOHOU  TOU  payvnTikou medlou otov  PLUTO
LKOVOTIOLWVTACG CUVEXWCE, XWPOXPOVLKA, TO VOUO Tou Ampere Kal To Bewpnua tou
Stokes og OAo TO UMOAOYLOTIKO KOUTL. H epyacia €xel aflohoynBel €ylwve Sektr Kol
dnuootelTnKe NAekTpovIKA ota TéAn AskepuPpiou tou 2021 [36].
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B. MeplAnmuikn napovoiaon tov O£patog kabe kepaiaiou

H Aldaktopikr) Statplfry amoteAeital ano tpia kKUPLO PEPN. ITO MPWTO HEPOC TIOU
adopd ta kepadaita 1 kal 2 yivetal pla ekTeVAG Tapouaciaon ylatl Eekivnoe Kal Tu
adopd autn n datplpn, eEnywvtag TAUTOXpovA TL EXEL VIVEL HEXPL OAMEPQ TIOYKOC LA
OTOV TOMEQ TWV QVTIOTOLXWV apLOUNTIKWY TIPOCOUOLWOEWY ELOIKA TIC TeAeuTaleg 2
Oekaetiec. EEnyolvtal oL TeXVIKEG KAl TO PUOLKA HOVTEAX TIOU PEAETOUV OL KWOLKEG
QUTOL, HE YVWHOVA TTAVTA TA EPYAOTNPLAKA TTAdopata Z Kal X-pinch Statagewv.

B1. A puépoc-KepdaAaia 1 ko 2

JUYKEKPLUEVO OTO €L0AYWYLKO KepaAalo 1 mapouaotaletal kal e€nyeital To Kivntpo
mou o8Aynoe oOTNV OUYKEKPLUEVN SlatplBy KaL TNV €PeuvNnTKR TG KatevBuvon
odnywvtag HE aUTOV ToVv TPOmo otn ouvepyooia tou EKMNA kot tou IPPL.
Mapouotalovtal oL EpyacTtnpLokol Kot aoTPoduoLkol KWELKEG TTOU XPNOLLOToLoUVTaL
Slebvwe ta tedeutaia xpovia. EEnyolvtal MEPIANTITIKA O TEXVIKEC TTOU XPNOLUOTIOLOUV
yla VOl TTPOCOUOLWOOUV ETITUXWE TOL EPYACTNPELOKA KL A0TPOPUCLKA TTAQCLATA KOL YL
va eMAUCOUV Ta TIPOPRANHATA TTOU TIaPoucLAlovTal KOTA TNV SLAPKELA EKTEAEC NG TNG
TipooopolwonG. TN OUVEXELX TAPOUCLAZETAL TIEPIANTITIKA O aOTPOdUCIKOG, N
TpomoTmolnuévog, Kwdlkag PLUTO mou amoteAel to KUPLO aplOuntikd epyoldeio g
napovong &watpfrig. EEnyolvtat oL Adyol mou odnynoav otnv €mAoyr Tou
OUYKEKPLUEVOU KWALKA Kal T aplOUNTIKA/UTIOAOYLOTIKA TTAEOVEKTAATA TIOU £ixe Nén
EVOWHATWHEVA OTO KUPLO UOyVNTO-USPOSUVAULKO HEPOG TOU, WOTE VO amoTeAEl €va
OPKETA EVEALKTO epyaleio, Slvovtag apKeTEC EVAANAKTIKEG WG TPOC TNV €TAOYH TOU
€MAUTN, TWV CUVOPLAKWY CUVONKWY, TNV €MAOYN KATAOTATIKWY E£ELOWOEWV K.O. 2TO
npoteAeutaio péPog tou kedalaiou yilvetal pia mapoucioon OAWV TWV TEXVLKWVY Kal
TWV GUOLKWV TIAPOUETPWY TIOU E£MPETE va £loaxBoUv WOTE va UMOPEl 0 apXLKOG
KwALKOG vo TporomnolnBel Kal vol YUMOPEL val TTPOCOUOLWOEL EPYOOTNPLAKES SLATAEELG
TMAAOMOTOG.  2TO TeAeutaio MpEPOG Tou Kedalaiou mapoucldletol 0 OTOXOG TNG
SLaTpBnc KoL eTypoppaTika n Bepatoloyla Tou KaBe kedpaiaiou.

2to kedpdAawo 2 yilvetal avoAutikn Tapouciacn tng SleBvolg EMOTNUOVIKAG
£PEUVAC TWV TEAEUTOLWV XpOVWV o€ dlatagelg Z-pinch povou kot ToAAwv KaAwdiwv, ot
Slatagelg dVo kaAwdiwv X-pinch kol og dlatdfelg mapaywyng Epyaotnplakwy jet mou
npocopolalouv avtiotolya aoctpoducikd amno YSOs kal Herbig-Haro (HHs) avtikeipeva.
E€nyouvtal kal avalvovtol OAa Tta gUMAEKOpeva PuokA aALVOUEVO OTO TEPAUO
KaBwg Kal ol SUCKOALEG KOl OL TEXVIKEC TIOU XPNOLUOTIOLOUV OL TIPOC OUOLWOELG WOTE Va
Ta MEpLlypaPouy e emITUXia. ZUYKEKPLUEVA TTOPOUCLALETOL N OXEON Tou Bennet omou
efnyeltal kat amodeikvietal avoAutika (eflowoelg 2.1-2.8, 2.11-2.15) n oTATKA
looppomia Tou Mmopel va  umapéel peTtafl NG OEPUIKNC  TIEONC-EKTOVWONG
OUYKPLVOUEVN UE TN MOYVNTIKN Tiieon-cupnieong dtapopdwvovtog e auToOV ToV TPOTOo
€va mapaBoAikod mpodiA yla Tnv mukvotnta Halag Kal tTnv Bepuikn mieon og éva povo
kKaAwdlo Z-pinch (oxnuatikég kat ypadkég amelkovioelc 2.1-2.3). H oxéon autn
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KOTOANYEL O Hiol cUOXETION METOED TOU OUVOALKOU pevpATOC, TNC Bepprokpaoiag kol
ToU aplBpol cwpatdiwv ava povada punkouc. H tehkn e€iowon 2.15 €xel eloayBOel
oTov KwdlKa Kal N amokAlon and TNV Loopporia SLapopdWVEL TIG APXLKEG CUVONKEG
niieong kal Bepuokpaciag tou mAdcopato¢ Sivovtag €va akopa epyaleio yla tnv
KATAAANAOTEPN TPOCEYYLON TwV apXlkwv cuvOnkwv (ocuvAbwg ol Stataelg Z kat X-
pinch 8ev kavomololv apxka tnv e€lowaon Bennet) [37]. Z&e MOAU UIKPEG AVTLOTAOELS
OTO ECWTEPLKO TOU MAAOUATOG, TO dalvopuevo tou emdeppikol pevpartog (skin effect
current) mailet onuaviikd poAo otnv TomoAoyia Tou NAEKTPIKOU PEVUUOTOC KAl TOU
mapayopevou payvntikoL nediou (e€lowoelg 2.9-2.11). Eival emiong pia véa mpooBnkn
OTOV KWOLKA N omola Ttapayel pEAALOTIKOTEPA PUOLKA HLOVTEAD Kot Sivel eueli€ia otnv
KAAUTEPN QUTELKOVLON TWV APXLKWV OUVONKWV TOU TAACHATOG.

JTn oUVEXELX AVOAVETAL N onuacia TNG EL0Aywyng TWV AMWAELWY EVEPYELAC OE £va
payvnto-udpoduvaulkd Kwdika péow aktvoBoAiag kat petagdopds aktvoBoAiag amd
OTITIKA AETITO KOl OTTTLKA TIUKVO TAAopa. E€nyeital n onpacia mou pmopel va €xeL autn
n ¢uoikn Stadikacia oe mAaopata Z-pinch téco otn Bepupokpoolakn cupmnepldpopd
000 Kal otn dnuoupyila actabelwy, TOMKwY GALVOUEVWY CUMTTLEONG, 0TNV alénaon Tou
loviopoU Kot tng SLEYEPONG TOU MAACHOTOC KAOwG Kol 0To pACUA EKTOUTING TOU.
JuvnBw¢ oL meploocotepol KWOIKEG AapPdvouv uTOWPn TOUG TG ATWAELEG AOyw
EKTIOUTING OKTWVOBOALOG QO OMTIKA AETITO MAGOUA KUPLWG (m.x. aktivoBoAia médnong)
aAAd Sev €xouv moAAol To MARPECG MOKETO OAWV TwV Palvouévwy aktvoBoAiag. Ztov
avavewpévo PLUTO AapBavovtat umoyn kot ta dalvopeva UeTadopds alAd Kal
EKTIOUTING aKTWOBOAlOG, HME OVOAUTIKA Tapouciacn OAou Ttou uOLKOU Kol
aplOuntikol povtélou oto emopevo kebalato. Eva evladépov puoikd datvopevo,
TIOU UMOpEl va epdavioTEL 0TNV KEVTIPLKN Tieploxn Tou X-pinch n oe Slatagelg Z-pinch
OXETWIOUEVEG PE TNV MEAETN TNG olvinéng, €lval n katdppeuon Adyw oktvoPBoAiog
(radiative collapse). To TAQopa TOTE KOTOPPEEL OE TUKVOTNTEG OTEPEOU N Kal
TEPLOOOTEPO. TO PeUPO TIOU ETITUYXAVETAL QUTN N Katdppeuon ovopaletal Mig-
Mnpalivokl (Pease-Braginskii (PB) current) (e€lowon 2.16). H dwadikacia auth sivat
TIOAU ONUAVTLKA ylo TOV OXNUATIONO M=0 aotaBelwv Kol UKPO Z-pinch oxnuatiopwyv
OTNV KEVTPLKN TEPLOXN ToU X-pinch.

Ou Satdagelg Z kat X-pinch eival moAU aotabeic koL 0 UIKPO XPOVIKO Slaotnuo
eudpavilouv m=0 (aotdBeia "Aoukdvikou") kot m=1 (aoctabela ocuotpodng n
TePLEALENG) payvnTo-udpoduVaLKEC aoTdBeleg. O puBUOC avamTuéng Twv actabslwv
koBopilel oe peyalo TO000TO TNV €€EALEN TNG Tpooopolwong oAAd Kol Tou
nepdparoc. O aotabeleg m=0 SnpLoupyolv MEPLOXEC UE AALUOUG Kol £EOyKwWUOTO
KATA MAKOG TtNG KUAWSpkAg Sldtaéng tou kaAwdiou ta omoila eviocxvovtal n
e€aoBevolv amod tnv TomoAoyia Tou payvntikoU mediou. ITig aotabelec cuotpodng To
TOTILKO MOyVNTIKO Medio TNG piog MAsupag tou kKalwdiou dtadopormoleital oe oxEon Ue
™G GAANG UE AMOTEAECUA TO KUALVOPLKO MAGOUO VO QTOKTA pia popdry mou Bupilet
€Alka. O ouvluaouOG aUTWV Twv SU0 aoctabswwv dnuloupyel TEALKA KOTOOTAOELG
SLadAuong kat dLaxuong Tou MAACUATOC (ATEIKOVION OXNUATWV 2.5 Kal 2.6). H HeAETN
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™¢ Snuoupylag Kat svioxuong/e€aocBeviong Twv actabelwyv eival akopa €va evepyo
EPEUVNTIKO KOPUATL. TO €PeUVNTIKO KEVTPO IPPL mMPooavatoAloUEVO TIPOG QUTAV TNV
KaTeLOUVON, EPELVWVTAC TOV UNXOVLOUO KAl TNV apXLKr) TIPOEAELON TWV a0TABELWY OE
pHovo kaAwdlo xaAkoU Z-pinch kataAnyel o mpoodatn épsuva [38-40] OtL éva peydlo
HEPOG TNC apXLKAC Statapaxng mou petaBiBaletal amo tn OTEPEN ,0TNV UYPN KoL TEAIKA
otnv aépla ¢aon kat paon mMAdouatog, opelleTal oTIq MApAUOPPWOELS TOU KaAwdiou
ndn amod tn otepen tou $paon. H avtiotolyn actdbesia ovoudletal nAektpo-Beppo-
unxavikn ootabela (electro-thermo-mechanical (ETM) instability). Auty pmopet va
Snuloupynoel Tnv apxikn mpolmnobeon yla tn dnuoupyia aoctabelwv cuotpodng oe
pova n kat moA& koaAwdia Stataewv Z-pinch. Mo To KOUMATL TNG OSUVAULKAG
ouuneplpopdg Tou kalwbdiou otn pdon Tou MAdopatog xpnotponotinke o PLUTO. Ta
QTOTEAEOUATA QAUTNC TNG EPEUVACG ATTOTEAOUV LOAVIKO £POATAPLO yla TN HUEANOVTIKN
Slepelivnon NG SuVAULKNG CUMTEPLD OPAG, ATtO TIOAU TIPWLHLEG XPOVLKEG OTLYHEG Kl yLa
TG Slatdelg mou adopouv tn mapovoa StatpLpn.

Katomwv yivetal ektevig avaiuon yia tig dtatagelc X-pinch d0o kaAwdlwv Kot Tov
TPOMO OXNUATIOMOU TOU apalou otedpaviaiou mAdopatog (coronal plasma) amd tnv
amodounon TwV eEWTEPLKWY EMPAVELWY TWV KAAWSIWY, TOV OXNUATIOUO TWV AfOVIKWY
mudakwv mAdopatog (axial jets) amod tnv aktwikn €€amAwon tou TMAACUATOC Ao Ta
KaAwdia aAAd KoL oo TNV KEVIPLKA TIEPLOXH, OE UETOYEVEOTEPEC XPOVIKEC OTLYHEC Kall
mv  Swapopdwon  Sladoxlkwv  UKpO-oXnUATWoOMwY  Z-pinch  (cascading)  ka
StakAhadwoewv (bifurcation) otnv meploxn tou "Aatpol" TNE KEVIPLKNC EPLOXNC (oxAMa
2.7) [41-43]. Napouotaletal to "poviéAo poukétag" (rocket model) mou meplypddet
OPKETA LKAVOTIONTIKA TOV TPOMO TOU YIVETOL N oavamAnpwon Ttou otedaviaiou
TIAAOLATOG ATIO TG EOWTEPLKEC TIEPLOXEC TWV KAAWSIWV KOTA TNV amodounon toug, os
Satatelg X-pinch aAa kat Z-pinch nmeploxwv moAwv kaAwdiwv (e€iowon 2.19).

Atvetal Slaitepn €udacn oTov TPOTO OXNUATIONOU TWV TIOAKWV MTAACHOTOC OMOU
600 kUploL pnxaviopoi Slapopdwvouv T Suvaplknl cuumepldopd TOug. ApXLKA
Kuplapxn €lvat n aktwikn €§AMAwon tou otepaviaiou MTAACUATOG Ao TA EEWTEPLKA
OTPWHATA TWV KOAWSIWV Omou autd cUUTLELEL Kol oupTLELETaL UOPOSUVAULIKA OTNV
Katakopudn StevBuvon SnULoUPYWVTAG TOUG APXIKOUG OXNUATIOMOUG TWV TUSAKWV. Z€
LETOYEVEOTEPEC XPOVIKEG OTWYMEG oL  Suvapelc Aamhac (Laplacian  forces)
avalappavouv evepyd pOAO eKTOEEUOVTOG TMAGOUO QMO TNV E0WTEPLKN KEVTPLKNA
TIEPLOXN KOTA MAKOCG TOU KATaKOpudou dfova evioxUoVTOg CNUAVTLKA TNV TTUKVOTNTA
TAQOUATOG OTIG E0WTEPLKEG TIEPLOXEG TOU TSaKka, SnHLOUPYWVTAC TAUTOXpOva Kal
nieplox€¢ uPnAotepng Bepuokpaciog AOYyw TNG HOYVNTIKAC CUUIIEONG. X€ QUTA TNV
ddon Tou oYNUATIOMOU N KEVIPLKNA Tteploxn tn¢ Sidtaéng sudavilel tavtdxpova Kal
kauta onueia (hot spots) ta omola EKMEUMOUV EVTOVOTEPA OKTIVOPBOALQ oTNnV TtepLoxn
Twv aktivwv X. tn mapouvca Swatplfry Sivetat diaitepn £udoon kal peAeTATOL
O1e€odika oto KedAAALO 5 0 TPOMOC OXNUATLOUOU TWV TISAKWY MECW TIPOCOUOLWaNG
Kall oUYKPLONG LE TO MEelpapa KaBwE Kot oL avtioTolyol oxnuatiopol mou epdavilovrat
oTnV nepLoxn tou "Aawuou”.
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Jto teleutaio pEpog Tou Kedahaiou mapoucldletol n oUYXPOVN EPEUVNTLKNA
Spaotnplotnta (Kol OXETIKEC TIPOOOUOLWOELS) TIOU E€lval OXETIKA HE TNV UEAETN
00TPODUCLKWY AVTLIKELEVWY, OTWE Ta YSO Kot oL avtiotolyol midakeg MAAOUATOG ToU
umopouv va epdavicouv dour HH (swdveg oxnuartog 2.8).

Mapouatalovtal os popdn mivaka (mivakag 2.1) 0Aec ol adldotateg otabepég mou
elval oNUAVTIKEG yla TN UEAETN TWV ACTPOPUOCIKWY KOL EPYACTNPLOKWY TTAACUATWY,
Selyvovtag OtL oL USPOSUVAULIKA OXETL{OUEVEG EXOUV OXETLKEC TLUEC OAAQ OL payvVNTO-
USPOSUVOULKEG €XOUV Kal OPKETEG amokAloelg. Mapouaotdalovtal ot Suo e€loWOELS IOV
npénel va. AndBolv umoéyn yla TNV QVILOTOLXION TWV EPYAOTNPLOKWY TUSAKWV
TAQOUATOG PE TOUG aoTtpodualkous. Ot SU0 ONUAVTIKEG TTAPAUETPOL (VoL O aplOUOg
May (Mach number) kat To mAdopa Brta (plasma B) Sivovtag aviloToXioELg LeEPLKWY
UNVWV XPOVOU OE OVTIOTolXO NS €PyoOTnPLOU Kol HEPIKA MG aotpoduoikol
HayvnTkoL mediou o€ ekatoviadeg XIALASeG Gauss EpyaoTnPLOKOU payvntikou mediou.
Mia avaAutikn mapouciaon Twv adldoTaTwy MAPAUETPWY, YPAdLKN) TOUG ATEIKOVION
KoL HEAETN pall pe TNV gpyaotnplokn avtiotoixton mdakwv mAdaopotog dtatang X-
pinch og avtiotolyoug aotpoducoikoUg yiveTal oto TeAsutaio YEpog tou kedpaiaiou 5
™G napouong SlatpLBng.

B2. B pépo¢-Kepalaia 3 kai 4

Jto 6elteEpo HEPOC TNG SLATPLBNC, TOU aVILOTOoUV Ta KedpaAaia 3 kol 4,
OUVAVTAUE KUPLWG TNV mapouciaon Kol avamtuén Twv GUoKWY, HABNUATIKWY Kot
UTTOAOYLOTIKWY HOVTEAWV Kal oxedlwv mou xpnolpomolouvtal aAAd Kol Mropel va
xpnotpomnotnBouv oto péAlov amd tov PLUTO kot aAAoug poayvnto-udpoduvaptkolg
KwOLKEC (T.x. Tov GORGON).

Y10 kedpalato 3/MéEpoc | avamtuooeTal TO KOUUATL TOU pHayvnTto-udpoduvaptkol
KWOLKA IOV €XEL OXEDN LE TNV ETUAOYN TWV KATOOTOTIKWY €ELOWOEWV KAl TNV ElOAYWYN
TWV O0pwV Twv Sladoplkwyv eElOCWOEWV TTOU €lval UTIELBUVOL yla TIG ATIWAELEG KOL TN
petagpopa aktwvoBoAriag, kuplwg otov PLUTO. Me autdv tov TpoOmo HECA amod Ta
avtiotolya ypadnuata Kol Ti¢ avtiotolxeg e€lowaoelg Slvetal o TPOTIOC CUCXETLOUOU TNG
BepULKAG TIEONG-TIVKVOTNTOC-ECWTEPLKIG EVEPYELAG Kol BOeppokpaciog Katd Tn
SLapkela tNg €€EALENC TNG UTTOAOYLOTLKAG pooopoiwaong. 2to SeUTEPO UEPOG TOU (SLou
kedbalailov meplypadovrat kat avaluovtal OAoL oL 6poL ATMWAELWV Kol LETOPOPAC TTOU
UIopoUV va Xpnotpomnotn8ouv Kal Xpnolpomolouvtal and Tov KwLKa yla Thv KaAUTepn
HOYVNTO-USPOSUVALKY) TIPOCEYYLON TOU TAAOUATOG. IKOTIOG TNG MEAETNG OUTNAC €lval
va UTApEeL pia oUVBETIKA MPOocéyylon yla Toug Guaoikolg payvnto-udpoduvapilkoug
0pouG, UECA ATO OUVOUNOTIKEC OXEOELC Kol SLOPOWTIKOUG TTOPAYOVIEG, TIOPEXOVTOG
pHio  oAokKANpwpévn  GUOIK  TPOOCEYYLON  OMOLOUSHTIOTE  £pyaoTNPLOKOU N
a0TtpodUCLKOU TIAACHATOG O OAEC TIG OUVONRKEG TMUKVOTNTAG-Ogppokpaciag-0epUikng
Tleon¢ Kal payvntikou mediou.

JUYKEKPLUEVOL OTO TPWTO MEPOC TAPOUCLALETOL TO TMAAPEG OET TWV MOyvnTo-
VSPOSUVOLKWY EELCWOEWY, OTN dLATNPENTIKN Toug popdr, cuumepAaUBAVOVTOG TOUG
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KUuplapxouc 0pouG AMWAELWY OTIWG N NAEKTPLKN avTioTaon, N BEPULKA AyWYLLOTNTA Kol
10 1€wdeg (e€lowoelg 3.1-3.13). To 0T OAOKANPWVETOL UE TIC KATAOTATIKEG EELOWOELC
NG ECWTEPLKNAG EVEPYELAG KOl TNG BEPULKAG Tieong og ouvaptnon Ue tn Bepuokpacia
Kall TNV mukvotnta palog (e€lowon 3.14). OL KATAOTATIKEG TOU LOavikou aepiou ival ol
TIO OTMAEG TOU MTOpoOUV va XxpnotpomolnBouv (eflowoelg 3.15 kat 3.16) aAAa
QMOTEAOVV LKAVOTIONTIKY TIPOGEyyLon HOVo yia oAU apatd mAdopa (< ~0.1gr/cm?),
vPnAic mieonc (> ~10%dyn/cm?) kat Beppokpaciac (> Hepkd eV) avdhoya Gpuokd Kot
HE TO METAANO QMO TO OMOLO TPOEPXETAL TO TMAAOUA. AUTEG Ol KOTOOTATIKEC
xpnotgomnoiénkav oto povtédo X-pinch tng mpwtng dnuocieuong tou 2015 [28]. To
emopevo PBrnua Atav vo ocupmeplAndBel éva MANPECTEPO HOVTEAO KOATAOTATIKWV
e€lowoewvV TOU va MMopel va Teplypadel TANpEoTEPA KoL OKpLBECTEpA TN
ouuTEPLPOPA TNC EOWTEPLKNG EVEPYELAC KOL TNG OEPULKNC TILEONC OE OAEG TIC TLUEG
Bepuokpaciog kat mukvotntag palag. MNapouoldletal avaAuTtikd n mpooéyylion MGGB
(Mie—-Grineisen—Guggenheim—Barnes approximation) omou ta 6edopéva amo tn
BLBAL0BNKN SESAME twv gpyaoctnpiwv tou LOS-ALAMOS efeAicoovtal HECW QUTAG TNG
TpooéyylonG. To o€t Twv &flowoewv 3.17-3.22 Twv OVTIOTOLXWV EVEPYELWV KOl
BeppOSUVOULKWY PeEYEBWY OTou UTtopolV vo XpnoLlponolnBoluv CuVOPTAOELS yla TNV
efaywyn debopévwy, €xel cav Bdaon tnv eAevBepn evépyelwa tou Helmholtz [30].
Aivetal pila ypadlky amelkovion tng oapxikng SESAME kataotatikng sflowong tng
mileong HEow LOOBEPUWY OE OUVAPTNON ME TNV TUKVOTNTA HAlag ylo to METAAAO
aAoupivio (oxnua 3.1). It ypadkEC mMopacTACELS avaAUovTal Kot mapouatalovtal Kot
oL 5 OlL0dOpEeTIKEG TEPLOXEC TWV KOTOOTACEWV TNG UANG. Mapopoleg ypadikeg
TIAPOOTACELG LOXUOUV KAl yla To HETaAAo BoAdpdpLo oL omolieg mapouvoitalovtal PEow
24 Sladopetikwy 000spuwy, oANG pe TNV BeAtiwpévn MGGB mpoogyylon, o€
ouvapTNON HE TNV TUKVOTNTA PAlaG yla TNV ECWTEPLKA €VEPYELA OAAA KOL Yyl TNV
Bepuikry Tmieon (Beppokpaciec amd 298K éwg ~10%K). AvtioTowxeC ypadikég
napouclalovral Kol yla tov Enpo aépa adou ta dVo autd UAKA eival ta dUo mou
XPELATOVTAL OTLG TIPOOOMOLWOELG KAL UTIAPXOUV LECA OTOV TIELPAUATIKO BAAapo (oxiua
3.2). H MGGB mpoogyylon ivat tdavikn yia aAAnAsmidpwvta UALKA Ttou Bplokovtal og
KATAOTAOELG TOTUKAG Beppoduvapikng woopporiag (Local Thermodynamic Equilibrium
(LTE)) amodevyovtac Tig mPoPANUATIKEG ACUVEXELEG TIOU TIAPOUCLAIOVIOV 0T OPXLKA
S6ebopéva tng SESAME BiBAloBnkng (ouykplon elkovwy oxnuotog 3.1 kat 3.2). AuTEG oL
KOTOOTOTIKEG Xpnolpomolouvtal amnod tov PLUTO, yia to pETaAlo BoAdpapio, yla OAEg
TLC EMOWEVEC TIPOCOMOLWOELG PETA To 2015.

Katomiv mapouotdletol TO LOVTEAD TNG EKTTOUTIAG Kol HETAdOPAC akTvoBoAiag yia
OTTIKA OpaLA KoL TIUKVA TTAAopaTa. Ta epumAekopeva duokad HeyéBn otn mapouacioon
autn eivat o BaBuog viopol (Zef) kot n otabepd A TOU OVIUTPOOWTEVEL TNV
TIUKVOTNTA TNG OKTWWOoBoAoUpEeVNG evépyelag ava povada xpovou. lNa ta dvo autd
HeyEON mapouotalovtal ypadlkd, ywa to BoAdpduio kat to AIWTO TO KUPLOTEPO
OUOTOTIKO TOU agpa, n €€aptnon Toug amo tn Beppokpacia Kol TNV NAEKTPOVLIOKN
nukvotnta. Ta apBuntika dedopéva mpoépyxovral anod t BiBAtodrikn FLYCHK [31].
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Ytov mivaka 3.1 yivetal ouykplon Twv Sedopévwv autwyv He SU0 AAAEC UEAETEC TIOU
Xpnolgomolouv Kol Tnelpoapatikd Sedopéva yla BOepuokpooie¢ amd 50 eV £wg
100000eV. H cupdwvia eivat afloonueiwtn, amodelkviovtag tnv opbn emloyn g
BLBALoOAKNG autng. O PLUTO emopévwg XpnoLUoToLel Ta aplBuntikd dedopéva yla To
Zefr KaL TO A Tou BoAdpapiou katl tou Aépa, xpnolpomowwvtag tnv dadopikn fiocwaon
TIOU OUVOEEL TO PuUBUO AMWAELWV TNG ECWTEPLKAG EVEPYELAG UE TNV NAEKTPOVLAKN
TIUKVOTNTA Kal TO Zeff (€€lowoelg 3.23 katl 3.24). Itn ouvéxela mopouotaletal pia
SeUTEPN MPOOEYYLON Yyl TO PUBUO AMWAELWY TNG EC0WTEPLKAG EVEPYELNG UECOW TNG
Sladpopikig e€lowong mou TN ouvOEEL Ue TN Bepuokpacia, TOV LOVIOUO KaL TNV EVEPYELA
enavaouvdeong (e€lowoelg 3.25-3.26). Mapouvotalovtal dUVo SladopeTIKEG avaAUOELG
YLOL TOV UTIOAOYLOMO TWV OMWAELWV XPNOLLOTIOLWVTAG apXLKA T SeSOUEVA TOU Zefr ATIO
to FLYCHK kot otn ouvéxela ta 6£860UEVA TOU Zefr OO TO HOVTEAO Tou Thomas-Fermi
(e€lowon 3.27 kot mivakag 3.2). Ze KABe avaAuon SelyveTal xwpLota n cuvelohopd TG
aktwoPoAiag médnong (Bremsstrahlung) kat tng aBpolotikig ouvelodopas AUTAG ME
TNV evépyela emavaolvoeonc (YpadIlKEC TTAPACTACEL TWV OXnUAtwv 3.5 kat 3.6).
AmoSeIKVUETAL LE AUTOV TOV TPOTIO OTL KL oL SU0 TIPOoEYYLOELG £XOUV ATIOKALON YLA TLG
anwAeleg SUO KoL TPelg Tatelg peyéBouc (1 Kal MEPLOCOTEPO) O OXEON e To. dedopéva
tou FLYCHK. TnMpémet emopévwg va  xpnowdomownBel  évag  SlopBwtikdg
TIOAAOTMAQOLOOTIKOG  Ttapdyovtag yla va AndBolv £upeca ol amWAELEC AOyw
HeETaBAcewv amo pia otabun oe pia dAAn (katt mou Aappavel untoyn tou o Kwdkag
FLYCHK). O GORGON xpnolgomolel To oUOTNHA OUTWV TwV E£ElOWOEWV HE TNV
npooéyylon Thomas-Fermi, omote xpnolwgomoloUue €va  avaloyo SlopBwtikod
mapAyovta yla OAEC TIGC TPOOCOMOLWOEL Tou Kwdka otn Oataén kaAwdiwv
BoAdpapiou X-pinch mou peAetape otn cuvéxela.

H avakatavopr tng aktivoBoAiog péoa Kat £€w amno to MAAoua PEow amoppodnong
KOl EKTTOUTIAG PpwTovViwv elval o Adyog Umapéng Tou HOVTEAOU TNG akTvoBoAiag Adyw
uetadopdg (radiation transport module). Ot avtiotoweg €flowoelg 3.28-3.33 mou
xpnowuomnotouvtal oto PLUTO mapoucotdlovtat kat avaluovtal xpnolpomnotwvtag dUo
Boolka puaolka Hey£On, TNV emitayuvon AOyw aktivoBoAlag (arag) KoL TRV MUKVOTNTO
evépyelag aktvoPoAiag (Erad). Emiong xpnolpomotolvtal oL HECEG TLUEG TWV oTaBEpWV
adladavelac tou Planck kot tou Rosseland (Rosseland and Planck mean opacities). To
cvotnua Twv eflowoewv 3.34-3.36 xpnoldomoleltal ywa tnv eéaywyn toug. Ot
apLOUNTIKEG TIHEC yia TIG dUo adladaveleg yla Tov Enpo agpa Sivovtal ypadikd oto
oxnua 3.7 [44] evw Ol TIPOOEYYLOTIKEG TEAIKEC OXEOEL Twv SUO oTtabepwyv, yla TO
BoAdpaulo og ocuvaptnon He tTnv mukvotnta palog kot tn Bepuokpaocia, divovral amno
TG oxéoelg tng 3.37 [45]. To poviéAo autd xpnouwdomoleitat amd tov PLUTO.
AmoSelkvUETAL TTIOAU XPHOLUO 0TNV KOAUTEPN OVAKATAVOWUN TNG EVEPYELAC OTOV KWK
KOl TOu €A€éyxou TG MN ¢uokng avénong tng Bepuokpaociag Kal Bepukng misong
KaOwG KOl TOU TLEPLOPLOUOU TNG KN PUCIKNG AKTLVLKAG EEATTAWONG TOU TAACLATOG.

Y10 &elTeEpPO pEpoC Tou Kedalaiov 3 yivetal avaAuTikr mopoucsiaon Twv GUCIKWY
pHeyeBwv amwAewwv Kot Slaxuong. ZUyKekpLlUuéva avalvovtal tpia puolka LeyEdn, n
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NAEKTPLIKN aywylpotnta/avtiotaon, n Ogpukn aywytpotnta Kat to Ewdsg. O okomog
NG UEAETNG QUTAG, OMWC TIPOOVOPEPAME, €lval VO TIOPOUCLACEL TIAPOUETPIKEC
eflowoelg ouvBeong yla autd ta HeyEOn, wote va pmopouv va €PapUOCTOUV OF
ormoladnmote dlataln epyaotnplakol/aotpoducikol TAACUOTOG, CE OmMoLadnAoTE
nieploxn Bepuikng mieong, Bepuokpaociag, mMuKvOTNTAC MAlag Kol payvntikoU mediou.
Kamoleg mpooeyyioelg éxouv eloaxBet 1 Ba swaxbouv otov PLUTO evw yivetatl
oultnon Kal yla T TIPOOEYYIOEL Twv aviiotolywv peyeBwv Ttou GORGON.
JUYKEKPLUEVA avaAUovTal Kot amnelkovilovradt:

o. Téooeplg SLadopeTIKEG HUOIKEG KAl LABNUATIKEG TIPOOEYYLOELS YLOL TNV NAEKTPLKA
aywywuotnta/avtiotaon, Slvovtog Opwg mopamAnolo ypadlkd omoteAéopata yla
HEYAAo eVpOC tEpLOX WV BEpOKpaTiag Kal TUKVOTNTAC TAACLATOC.

B. Tpeilg SLOPOPETIKEC IPOOEYYIOELG Yo TN DEPULKN AYWYLUOTNTO, TTOPOU aLalovTag
ypadka mapeudepr anoteAéopata o€ SUO AMO AUTEC.

Y. Movtého eloaywyng Tng untpag tou wdoug mapouotdlovtag dUo SLapOPETIKES
TIPOOEYYLOELG, XPNOLLLOTIOLWVTAG OVOAUTLIKEC €€lOWOELG Kol €ELCWOELC TOAAOTTIAOU
tumnou. MNapouaoialovtal ypadika, os 3D ypadnuota, L060epueg ou cuoxetilouv To
ouvteleotn LEWSOUG UE TO HayVNTIKO eSO Kal TN TTUKVOTNTA TOU TTAACUOTOC Yot OAO
TO TLBAVO €VPOG TLUWV.

ElSikOTEPQ Yl TNV NAEKTPLKN OyWYLLOTNTA/QVTioTAoNn N TTPWTOPXLKY TIPOCEYYLON
TIOU XpnoldomoliOnke ota mpwta Hovtéda Atav n eflowon tou Spitzer. Ouwg n
OUYKEKPLUEVN oX€on Olvel HeEYAAEC QMOKAIOELC OO TIG TELPOUATIKEC TLUEC OTNV
neploxn Twv LPNAWV MUKVOTATWY Kal XAUNAWV BEpUOKPAC LWV OMWE ipoavadEpONKE.

21N MPWTN MPOCoEYYLoN TNG e€aywyng Kiag cuvaptnong moAAamAol TUTIOU yLla TV
NAEKTPLKI QyWYLLOTNTO TPOMOMOLELTOL N oXEon Spitzer xpnolpomnowwvtag SlopBwuEVEC
TIUEG yld TO MECO PabBud oviopoU ot XaunAég Oepuokpaocies. Tautdxpova
XPNOLLOTIOLEITOL Hia CUVAPTNON VLA VA TIPOCEYYLOEL XWPLOTA TNV TIEPLOXN Twv LPNAwWV
nukvothtwy (p<10gr/cm?) xapnAic Beppokpaoiac kat pio SeUtepn yia MOAD UPNAES
nukvotnTeg (10gr/cm3<p<100gr/cm?®) omolacsrnote Beppokpaciog. A0 SlabopeTIKES
OUVOPTAOELG XPNOLLOTIOLOUVTOL YLa. TN oTepen Kal vypn ¢daon. H e€aywyn autng tng
TOAAQTTANG OUVAPTNONG EYLVE XPNOLUOTIOLWVTOG EPYACTNPLAKA KOL NML-EUTTELPLKA
6edopgva ano nponyolLueveg epyaocieg (e€lowoelg 3.38-3.51). H olykpLon tng TEALKAG
ouvaptnong moAAamAou tumou (efiowon 3.57) YE TA TMEPAUATIKA KOL NUL-EUTELPLKA
b6ebopéva péow ypadbnuatwv (ypadikég oxnuatog 3.18) Sivel moAU kaAn cupdwvia
EVW N TPOTOTMOLNMEVN TPOOEYYLON Tou Spitzer €lvol KovomounNTky yia UPNAEG
Oepuokpacieg kol apald mAAopoTa. AUTh N TPOCEYYLON €lval XPrOLUn yla OmoLov
HayVvNTO-UOPOSUVAULKO  KWOLKA XPNOLUOToOolel HEYAAO €UPOGC TIUKVOTATWVY Kol
BepUoKpaCLWY XWPLC TNV avaykn xpnotpomnoinong aplOuntikwv dedopévwv aAld povo
ouVAPTAOEWV. AKOUO KoL O HECOG BaBUOG LoVIoHOU Tou uTtoAoyilleTal aplOunTIKA amo
ta dedopéva tou FLYCHK, pmopel va mpooeyylotel e TNV avaAuTik) cuvaptnon tou
povtélou Thomas-Fermi onwc mpoavadépdnkKe.
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Ytn 6eUTEPN MPOOCEYYLON TNC NAEKTPIKNG OYWYLHLOTNTAC XPNOLUOTOLEITaL pia armAn
ox€on omou n SLopBwuévn oxéon tou Spitzer moAamAaoctaletal pe éva SlopBwTikod
napayovta Aappdavovtag umoyn tnv MUKVOTNTO TOU TAACHATOG OTO €PYACTNPLOKO
"kevd" (e€lowon 3.58). Me auto tov TpOMOo UTIAPXEL Uia opaAn petdfacn petafl Tou
KUPLWG HeTOAALKOU TTAGOMOTOC ToU BoAdpapiov kat Tou mMoAU apalol MAACHUATOC TOU
atpoodalplkol agpa mou Bewpeital To mepBaiiov oAU apald mMAdoua unofabpou
(low density background plasma or vacuum plasma). Auty n Tpocéyylon
Xpnolwuomowonke e emruxia otov KwlKa yla TN HEAETN NG OSUVAULKAG
ouunepldopdg tng dtataéng X-pinch kat tg oUYKPLONG TG UE To Teipapa (e€lowoelg
3.58-3.60) [35].

TNV TPLTN KOTA CELPA TIPOCEYYLON XPNOLOTOLELTAL pia ypapuLk oxéon dUo 6pwv
Yl TNV NAEKTPLKN avtiotaon tou PETOAAIKOU MAAopatog. O MPWTog 0pog MePLypadEL
™V oMnAenidpaon Oviwv-nAektpoviwv Kat o Oevutepog TNV  aMnAemiSpaon
OUGETEPWV ATOUWV Kal NAekTpoviwv (e€lowoelg 3.61, 3.63 kat 3.65-3.67). H cuoxEtion
TWV TMANBUOHWV LOVTWV-0USETEPWY ATOMWY Xpnolpomolel tn efiowon Saha (e€iowon
3.62). Mia HEYAAN eniong Sdladopomnoinon OTLG OXEOELG Twv
QVTIOTAOEWV/QYWYLHOTATWY  €lval  n  xpnowdormoinon Ttou evepyol  KPRavtkou
AoyapBuou Coulomb (effective quantum Coulomb logarithm), 6nmw¢ umoAoyiletal ano
NV Mpoogyylon Born kat to duvauko Debye (g€lowoelg 3.64). Me autov Tov TPOMO
emtuyxavetal n e€acdaiion tng OeTIKAG TIUAG Tou AoyapiBpou yla OAEC TIG TLUES
Bepuokpaciag Kal aplOUNTIKAC NAEKTPOVLAKIC TTUKVOTNTAC KATL TTOU 8V cupBaivel oTLg
KAQOLKEG OXEOELG TOU KAAOOLKOU AoyapiBuou oOmou xpnolpomoleitatl éva  €AAXLOTO
KatwoALl (~1). Tautdxpova XpNOLLOTIOLWVTAS TNV TIPOCEYYLON auTr Tou AoyapiBuou,
SL0pBWVETAL N UTIEPEKTIUNGN TNG AYWYLLOTNTOG OTLG MEYAAEC TIUKVOTNTEG KOL XOUNAEG
Bepuokpaocieg (WDM) (ypadikég mapacTAoelg Tou oxnuatog 3.19) evw maipvou e aAL
TAPEUDEPN QTIOTEAECUATO OE OXECN ME TNV TMPWTIN TPOCEYYLON TNG CUVAPTNONG
TMOAAQMAOU TUTOU. Mia Opola MPOCEYyLon, w¢ TeAeutaia mpooBnkn otov PLUTO,
Xpnoluomoleital otnv teAeutaia epyaocia mpog dnpocieuon [36] pe povn dtadopd otL 0
OpPLOUOC TWV OUBETEPWY ATOUWV OXeTI(ETAlL PE TOV QPLOUO TWV LOVTWV UECW Miag
ouvaptnong umePPoAkng epamtopuévng Kol oxL Me tnv gélowon tou Saha (gflowon
5.4.8).

Jtnv  Tedevtaia  (Tétaptn) TPOoEyylon  TNG  NAEKTPLKAG  AyWyLUOTNTOG
Xpnotlpomoleitat pia avaiutikn e€lowaon mou Bacoiletal oto povtélo tou Braginskii [46],
£l0AYOVTOC KOl TNV ETLPPEON TOU HayvntikoUu medlou oe autiv. H OUyKeKpLUEvn
T(POCEYYLON XPNOLUOTOLElL TAAL €va Melypa NAEKTPOVIWV, LOVIWV KAl OUSETEPWV
atopwv. H pién edpoapuoletal oOxL ma ot AywWYLUOTNTEG OAAA OTI( OUXVOTNTECG
ouykpoUoswv, Aappavovtog untodn tThv cuvelodopd TOU AVWHUAAOU OPOU CUYKPOUGNG
HE TNV XaunAn uBpidikn cuxvotnta (low hybrid frequency) (e€lowoelg 3.68) [47-49].
Aivovtal SV o Sladopetikd ypadrpata. To mpwTto Xwpig tn cuvelcdopd Tou AVWHAAOU
Opou KaL To SeUTEPO Ue TNV Mopouadia tou (oxnuata 3.20 kat 3.21-3.22 avtiotowa).
Xpnolyomoleital KoL ot SU0 MEPLMTWOELG N MPOCEyyLon Tou KBavtikol AoydplBuou
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onwg avadEpbnke mponyoupevwe. H amouaia tou avwpaAou opou divel mapeudepn
anmoteAéopaTa UE TIC TPOOEyyioelg €va kal tpla (kuplwg pe tnv teAeutaia). H
napoucia tou avwuaAou o6pou (3D ypadnua 3.21 kot 2D 3.22) Stapopdwvel TOAU
XOMNAEG TWMEC TNG aywyluotntag (VPNnAéG NAEKTPLKAG avtiotaong) otig XOUNAEG
TIUKVOTNTEC. H oupumepldpopd autr eVIoXVETAL UE TNV aUENon TG TIUAG TOU HayvVNTLKOU
niedilov. Me autov Tov TPOMo 0 KWOLKAG Snuoupyel LPNAEG TLHEG TNG AVTLOTAONG OTLG
TIEPLOXEC XOAUNANG TIUKVOTNTAC, TOU €ival ocuvBwC oL TIEPLOXEC TOU KeEVOU, WOTE N
HEYAAN aywylLoTnTa, dpo KoL TOo pelpa va SLEpXETal amd TO KUPLlwG HUETOAALKO
mMAdopa. Mia opola MPOCEyYyLon KE QUTH TNG TETAPTNG XPnolpomnolet o GORGON pe
e€aipeon tov AoyaptBpo Coulomb omou xpnotuormnolel TNV KAAGGOLKN Kol OXL KBavtikn
T(POCEyyLoN.

JUUTIEPOCUATIKA N XpNnollomolnon tou KBaviikoU AoydplBpou Kol N YPOUULKA
npoogyylon Twv SVo teAeutaiwv avaAloewv Sivouv pia kavomownTtiky cupunepldopd
NG NAEKTPLIKNAG OYWYLHOTNTAG YL OAEG TIG TUUEG TWV TIUKVOTATWY Kal OEPUOKPOAOLWY
amodelyovtag tn Xpnon MoAAarmAoU TUTIOU TNG MPWTNG TPOCEYYLONG N omoia Silvel
KOTA Tat GAAQ TapeUdEPH ATTOTEAECUATA UE AUTEG TIG SUO.

H Beppikn aywylpotnta exet Tpeig Stadopetikol cuvteAeoteg toug k||, ke kat ky Ot
U0 mpwtol eival o MapAAANAoOG KAl 0 KABETOG avIioTolXa O0TO HayvNTIKO Tedio evw o
Tpitog eival kabetog oto emimedo mou opilouv n Pabuida Bepuokpaciag Kal TO
HayvnTiko medio. Opilovtal kat oL Tpeig aveédptnta yla Ta NAEKTPOVLA KOL TO TIPWTOVLA
ToU MAAopatog SNAadr) UMOPOULE VO XPNOLLLOTIOLOOUUE €L GUVOALKA GUVTEAEOTEG.

H mo amAf mpwtn TNPOcEyylon TOU UMOopel va xpnolgomolnBel eUKoAa,
nepthapPfavel pia ouvaptnon Outdov TtUmou. H mpooéyylon Seydel-Fucke yua
Beppokpacieg 3695K<T<<6000K kal n mpooéyylon HECw Tou vopou Wiedemann-Franz
yla tTnv mapdAAnAn NAEKTPOVLOKH TLUNA Yla OAEG TIG uTtOAoLe Beppokpaacieg (e€lowoelg
3.70-3.71). H ypadiki OmelKOVION XPNOLUOMOLEL TNV Tpomomolnuévn séiowaon tou
Spitzer koL OUYKPIVETAL HE TELPAMOTIKA KAl NUI-EUTELPLKA Sdebopéva yla TLG
Bepuokpacieg 10000K, 20000K kat 40000K pe moAU kaAn cupdwvia (ypadniuota
oxnuatocg 3.23). H éAAeldn nmepapatikwy SeSopEvwy ylo MAAoUATA HE UYPNAOTEPEG
Bepuokpacieq emONUAlVETAL €VW TAUTOXPOVOL UTIOYPOUMiZeETaL n  aflomiotia Tng
OUYKEKPLUEVNC TIPOCEYYLONG MECW TNG OUYKPLONG UE Toug gupéwe Sladedouévoug
Tumoug tou Braginskii mou divouv mapeudepn anoteAéopata otn cuvEXeLa [46].

H O&eltepn amAfR emiong mPOOoEyylon, TOU XPNOLUOTOLE(TOL OUXVA OTnVv
aotpoduotky, TEpAapPavel tnv TaApAANAn ocuvelodopd TwV NAEKTPOViwY TOU
BepUIKOU CUVTEAEOTH KaL TNV KABETN CUVIOTWOA TOU TIou adpopa TNV CUVELCHOPA TWV
LOVTWV HECW TPOTIOTOLNUEVWY OXECEWV TG e€lowong Spitzer (e€lowoelg 3.72-3.73).
AUTEG elval Kal oL KuplapXeC OUVELODOPEG OMWCG e€nyeital otnv Tpltn MPOoEyyLon mou
nieptAapBavel kat Toug £€L OpouG.

Itnv tpitn mpooéyylon avoaAvovtal Kal oL €€l OpoL MECW TNG TMPOCEYyLonG Tou
pHovtéAou tou Braginskii [46] (e€lowoelg 3.74-3.82 kot oto kepaAalo 5 ol e£lOWOEL
5.4.13-5.4.14). O apxkog kwdkag PLUTO eixe eVOWHOATWHEVO OTO OUCTNHUA TWV
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€flOWOEWV TOU TN MAPAAMNAN Kal Thv KABeTn ouvelopopd NAEKTPOVIWV KOl LOVIWV
avtiotowa. H tpitn cuviotwoa Ky mpootébnke otov kwdika divovtag tn Suvatdtnta
yla mAnpéotepn meplypadn Tou HOVTEAOU TNG BepUlkng aywyluotntag. O PLUTO
XPNolpomolel payvnTo-udpoduvalky TPOoEyylon €vog peuctol un Slaxwpilovtag
avefapTNTa TN CUVELOPOPA LOVTWV Kol NAEKTpoviwv. Na To AOyo auTO XpnCLUOMOoLELTOL
pio ypapuikry dBpolon twv cuvelopopwv amd Ta NAEKTPOVIA KOL TO LOVIA yld TOUG
0pouUG TNG TAPAAANANG Kol KABETNC cuvioTwoog Kol pia adaipeon Twv avtiotoywv
ouvelchopwv otnv ouviotwoa ki, oOpdwva pe T popd TwWV  payvnto-
vdpoduvapikwy elowoewv. O GORGON xpnoluomolel Kal autog TNV dla mMpocEyyLon
katd Braginskii Aappavovtac umodn tou Eexwplotd tnv cuvelodpopd amod ta Lovta Kot
TA nAekTpoOVIa. AEv €XEL EVOWHATWHEVO OTO OUCTNUA TWV €ELOWOEWV TOU TN
ouvelodopa TG TPLTNG cuvioTwaoac Ky.

Mo TV mapAdAANAn cuvVIoTWoA TWV NAEKTpOViWVY yivetal ypadikr LEAETN OMWG Kal
HE TNV TPWTIN TMPOoEyylon Silvovtag MAAL LKAVOTOWNTIK ocupdwvio Pe To MElpapa
(ypadikég mapaotaoelg Tou oxruotog 3.24). Aivovtal 2 SLopopeTIKEG YpadIKEC, pial pE
™V KAAooLK Tipooéyylon tou AoyapiBuou Coulomb kat pia pe tnv KBaviikn. 2tn
Sevtepn meplmtwon PAEMOUME TAAL Opola cupmepldopd ot UPNAEG TTUKVOTNTEG,
XOUNARG Bepuokpaciag pe authv NG NAEKTPLKAG aywyluotntag otav AapBavetal
unoyin n ouvelodopd Tou KBavTikoU AoyaplBpou. ITn MePLOXN) QUTH TWV TTUKVOTHTWY
oL o00epueg apxilouv va CUYKALVOUV TIPOG KOLWVEG TLMEG NAEKTPLKAG N BEPULKAG
aywyuotntag. Avaloyn cuunepidopd BAEMoOU UE Kot 0TO LEWHEG TOU MAACHUATOG OTWG
Ba 60U UE OTNn CUVEXELQ.

To €wdeg eival to teleutaio duokd péyeBog mou avaAvetal oto kedpdaialo 3.
Fvovtal 800 SLadopETIKEC MPOOEYYIOELC Yl TNV El0AYwWYH TNE UATPAG Tou LEwdoug
OTLG payvnTo-udpoduvaulkég e€lowoelg, pia Baollopevn otnv gpyacia tou Braginskii
Kal GAANn pla Bactlopevn otnv poyvnTo-udpoduvapikn Poogyylon tou NEUTWVELOU
peuotol/aepilou. Mpoteivovtal €miong Kol KOWEC €ELCWOEL TWV OUVTEAECTWV TOU
t&wdoug kat yla tig U0 npooeyyioelg (Staypappa pong oxnuatog 3.29).

Y€ €PYOOTNPLOKA KOl 0.0TPOPUCLKA MAACHATO UopoUV va Xpnolpomnotnouv Kot ot
5 UATPES TNG epyaoiag tou Braginskii [46], elodyovtag 5 ave§dptnTOUG CUVTEAECTEG YL
10 LEWOEC Vo, V1, V2, V3 KoL V4 (e€lowoelg 3.83 kot 3.85-3.87). OL ocuvieAeoTéG autol
armAomnolouvtal av BwprHoouUe apeAnTéa Tn ouvelodopd TOU  payvnTikol mediou
(e€lowoelg 3.84). H mAnpncg pntpa tou €WooUG EMOUEVWG TIEPLAAUBAVEL TOUG TEVTE
opoucg IIo, II1, I, II3 ko IIs O mpwrtog oOpog dnuioupyel Stadopomoloelg tng
ToXUTNTOC KATA UAKOG TOU payvnTikoL mediou. O SeUTEPOC KA TPITOC OPOC AVTioTOLXA
Sladpoporolel TNV TaxvTNTA KABETA 0TO PMayvNTKO Tedio. OL §Uo teAeutaiol adopolv
TAOELG SLATUNONG, KABETEC CUVEXWG OTNV TAXUTNTA TOU TTAACUATOG, Ol omoleg mailouv
TMOAU ONUOVTIKO pPOA0 o0t  alvOpeEVO HAYVNTIKAG emavacuvdeong (magnetic
reconnection) | oe MAdopata cuokeuwv Tokamak. Alvovtal tplodldotate ypadIKES
TIPACTACEL] TWV LOOBEPUWY, TWV OUVIOTWOWV V2 KOl V4, OE OUVAPTNON HE TNV
TIUKVOTNTOL KOl TO MoyvnTikO medio kabwg kal diodidotateg ypadlkég yla oxedov
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OLLOYVATLOTO TMAGOUA Kol TIOAU LOXUPA HayVNTIOHEVO (YpadLKEG TAPOOTACELS TWV 3.26
kat 3.27). MpokUmMTouv TOAU XPAOLUA OCUUMEPACHOTO ylo TNV €fdptnon Twv
OUVTEAEOTWVY QO TO HAyvNTIKO Tedio, tn Bepupokpacia, TNV MUKVOTNTA KAl TN HETALY
TWV CUVTEAECTWV CUCXETLON.

Ytn SelTepn MPOCEyyLon, n omnola Bploketal evowpatwpévn otov PLUTO, n untpa
Tou LEwdoug nephappavel SUo 6poug, Tov oyKoUETPKO (bulk) 6po mapaudpdwong Iy
Kal tov Statuntiko (shear) opo IIs (emupavelakng mapapdpdwong) (e€icwon 3.10). O
TIPWTOG OpOC SNULOUPYEL OYKOUETPLKEC MOPAUOPDWOELS CUUTILEONG KL ATTOCUUTILEDNG,
av Bewproou e To MAACHA CUUTLESTO. O SeUTEPOC Elval 0 SLATUNTIKOG OPOC, IOV Elval
KalL O TILO 6UVNOLOEVOG.

Atvovtol tpelg SLadOpPETIKEG TPOOCEYYIOELS Yyl TOUG OPOUG Vs, UE OMEANTEQ
ouvelopopd tou payvntikolv mediou (B—0), pe tov €va va xpnowwomolel Tnv
Tpoo€yylon Tou Braginskii kot toug dAAoug U0 va otnpilovtal oTo LoVTEAOD Tou Spitzer
KalL TNG Hoplakng Suvaulkng mpoogyylong (Spitzer like equilibrium molecular dynamics
(MD) approximation) (e€lowaoelc 3.100). O mpwtog amod toug dUo eival epapUOCLUOC
yla otaBepéc ouleuéng <10 evw o SeUTtepOC elval TTOAU YEVIKOTEPOG Kal £HAPUOCLUOG
yla otaBepég 0.01<M<200. Alvovtal avTioToXeG YPaPLKEG LOOBEPUWY OE CUVAPTNON HE
TNV TWUKVOTNTA YlO TO SLATUNTIKO OUVTEAEOTH Vs KOL yla TG TPELG TpooeyyloeLlg
(ypadikéc mapaotaocel oxnuatog 3.25). Itnv mapdotoon Tng TPLtng TPooEyylong
daivetal maAl otnv mepoxn Twv VPNAWV TUKVOTATWY N oUYKAlon Twv Lo6Bspuwv
akplBwG OMw¢ oupPaivel Kal otV TEPIMTWON TNG NAEKTPLKAG KoL OgppKng
aywywotntag (oxquoata 3.18-3.24). Emiong mpoTelvovial OXECEL OV EXOUUE
OYKOUETPLKEG Ttapapopdwoels Tou mAaopatog (vb#0) (e€lowoelg 3.101).

JTn OUVEXELO TIPOTEIVOVTAL EELOWOELG YLO TO Vs KAL Vp YL UKPEC KO LEYAAEG TUUEC
TOU payvNnTkoL Tediou. Me auTOV TOV TPOMO C€ QUTH TNV AMAOUCTEPN MPOCEYYLON TWV
600 OpwV TWV UNTPWV Tou LEwdoug, v ayvooUUE T OUVELOHOPA TOU HOyVNTLKOU
nedlov, n omola eival gudavig otn MEPLOXH TWV XAUNAWV TUKVOTATWV (YpadIKES
TIAPOOTACELG TWV oXNUATwV 3.26 kot 3.27) (e€lowoelg 3.84, 3.100 kot 3.102).

Tehwka Olvetal €va mapadelypo e€Ppappoync TwV TEVIE UNTPWV Tou Lwdoug
mapoucsia payvntikou nediou, yla éva povo kaAwdio Z-pinch katd prikog tou dafova Z
(e€lowoelc 3.106-3.109).

O PLUTO Ba tpomomnolnBel oto apeco LEAAOV WOTE va UTOPEL val cUUTTEPLAABEL KOl
TIC Tévte PNTPeg tou Lwdoug oAAG KoL Tn poplokn Suvaulkn mpocéyylon (MD),
BonBwvtac tn duvatdtnTa €KKIVNONC TNC MPOooUolwong amo ToAU apXLKEC XPOVIKEC
OTLYUEG elpapaTog (cuvOnkeg "kpuou Eekvipatog” (cold start conditions)).

2to kedbdlawo 4 meplypddeTal avaluTikd O HaAyvNTO-USPOSUVAULIKOG KwdLKAG
PLUTO. AvoAletal kal mapouctaletal OAn n  aplOuntikn, ¢uoikn/padnuatikn
TiPpooEyylon KaBwe kal OAeg ol aAAayEC Tou EMpeme va yivouv oto nén umapyov
oUOTNHA TOU KWK WOTE va €lval LKAvOog va TEPLYpAdEL PE ETLTUXIA EPYAOTNPLAKA
mMAAdopaTa HETAAAKWY Slatdfewv povwyv N moAAwv kKaAwdiwv. Emiong avaAvetal Kat
e€nyeltal o Tpémog mou cuoyetilovtal HOBNUATIKA, HECW TUVAKWY UETATOMICEWY KOl
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otpodwyv, o TPOMOC ypadng TNG MUKVOTNTAG, TNG TILECNC KOL TOU poyvNTIKOU Ttedlou yla
OMOLASNTIOTE YEWUETPLKN KoTavourn toug (eflowoelg 4.1-4.20). Me autov tov TpOmo
€XOUUE TAVTA TN CWOTH APXLKA KATAVOUR AUTWV TWV UEYEBWV oTov KWOLKA apKel va
UTTAPXEL KAl N KATAAANAN apXLkr) SLoKPLTOTOLNGN OTO AVTLOTOLXO LOVTEAO.

Alvovtal  ouykekplpéva  mapadelypata €PapUOYAG  TWV  OUYKEKPLUEVWV
HUETACXNUATIOUWY KOl HOONUATIKWY OXECEWV, yla é€va povo kaAwdlo Z-pinch, pia
Sataén kaAwdiwv X-pinch, pia dtataén moAwv kaAwdiwv Z-pinch (Z-pinch array) kat
pia kKwvikn Stataén moAAwv kaAwbdiwv Z-pinch (conical wire array) (e€lowoelg 4.21-
4.35). Mg autdv TOV TPOMO O XPNOTNG MUMOPEL va €LoAyel otov Kwdlka tnv akppn
VEWUETPLKA SOour Tou TTAACHOTOG KOL TOU payvnTikoU mediou oTIG ap)LKEG oUVORKEC
NG MPOCOUOLWoNG.

AUo ouykekpluéva mapadelypato mpooopoiwong nmopouctalovial wg epapuoyn
TwvV mapandvw. To mpwto adopd pia diatagn X-pinch, Suo kaAwdiwv BoAdpapiou, pe
apxKEG ouvOnkeg "kpuou" Eekvnpatog (xaunAng apxikng Beppokpaciag MAACUATOG
Kot epamtopevng dataéne tTwv KaAwdiwv otn Keviplkn meploxn). H apxikn Xpovikn
e€EMEN t™ng mpooopoiwong £6ei€e petadopd oTPodopUnG O TO KUPLO KEVIPLKO
KOUMATL TNG Slatagng mpog ta mapayopeva jet, Bupilovtag avtiotolyeg cupuneplpopeg
oe aotpoducikd mAdcpata! Mia Seltepn Sldtaén edpoappoyng tou padnuatikou
HOVTEAOU £l0aywyng adopd €va oXNUATIONO Z-array TEcoApwV KOAwSiwv BoAdppapiou
Slvovtag emiong moapeudePr TPOKATAPKTIKA ATOTEAEOUATA PE GANQ TIELPAMATA KO
TIPOCOLOLWOELG SLEBVWV QVTIOTOLXWV EMLOTNUOVLKWY EPYOOLWV.

2tn Ttehevtaio pEpo¢ Tou kedbalaiou mapouctdalovial Kal - avaAuovrtol
ETUYPAUUATIKA OAa ta epyaleia Tou PLUTO mou eival xprAoLua yla TG TIPOCOUOLWOELG
TWV MELPOPATIKWY Slatagewv Tng SlatptPrg. ZUYKEKPLUEVA avaAUovTal:

a. H emloyn tng Slakplronoinong Tou MAEYUOTOC KAl N €AoYy TOU GUOTHUATOG
OUVTETAYHEVWV.

B. H moAU onuavtikn emdoyn tou emAUTn Riemann yla tnv akplBéotepn emiluon
KOl TNV AmOoBECN TWV KN YPAUUIKWY KUMATWY KOTA TN SLAPKELD TNG UTIOAOYLOTLKAG
ipooouoLwaong.

Yy . To oxédlo avakataokeung (reconstruction scheme) 1o omolo kateuBuvel tn
XWPLKI OELPA UTTOAOYLOUWY KATA TNV EKTEAECN TNE MPOCOUOLWONG.

6. To ox€bLo xpovikou Bnuatiopou (time stepping scheme) mou kaBopilel to moéco
HKPO 1 peyalo xpovika Ba eivat kaBe umoAoylotikd Prpa. Mapouoialovral ol
EMUEPOUC OAYOPLOBUOL XpoVviKoU Bnuatiopol, o aplBuog Courant (Courant-Friedrichs-
Lewy (CFL) number) kalL o tpdémog emAoyng tng oplOUNTIKAC OAOKARPWONG TwV
apaBoAkwv 6pwv dlaxuong.

€. To oxédlo aplOunTikng wavomoinong tou vOpou tou Gauss OTO HAYVNTIOUO
(V-B=0).

otT. H texvikn tn¢ Ntracer-passive scalar multi-material dtadikaciag n omota BonBaet
oTov €Aeyxo Un duolkwy petaBolwv (m.x. andtoun avénon tng Bepuokpaciag Kal pn
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duowkn Slaxuon TOU pOyvNTIKOU TESlOU Kol NAEKTPWKOU pelpaTog) Otav N
Tipocopolwaon TMEPIAQUBAVEL TOPATIAVW ATTO £vVa UALKA.

{. OL ouvoplakég ouvBnkeg (boundary conditions) mou eivatl anod ta Mo cNUAVTLKA
KOMUATLO TWV TIPOCOMOLWOEWY Kal (owg amd ta SUOKOAOTEPA yla TNV OMOAN Ko
duokn e€ENLEN TouG.

MNa OAa to mMapanmdvw mMopoucLldleTal Kol TPOTeveTal n KaAUTepn/KaAUTEPEC
emAoy£c ou Ba prmopouoe va €XEL 0 XPNOTNG yla omoladnmote mpooopoiwan adopd
Swatatelg Z-pinch povou ) moAAwv kaAwdiwv kat yla dtatagelg X-pinch. Alvetal emiong
WOlaitepn €udaon otnv emAoyl TWV OUVOPLOKWY ouvOnkwv ota opla  Tou
UTTOAOYLOTIKOU KOUTLOU KOl OTO ECWTEPLKA Opla. H €mAOYr TWV ECWTEPIKWY 0OPLWV
Sivel tn duvatdtnta amnevepyomnoinong tng enithuong (ue e€aipeon to payvntiko nedio)
TNV MEPLOXH TOU TIOAU apoilol TTAACHOTOC TOU KEVOU, AV KPLVETOL AMapOiTNTO OO TIG
ouvOnkeg Tou duokol TPoBARUATOG, Sivovtag Eva LEYAAO UTTOAOYLOTIKO TTAEOVEKTN A
yla eTtiAoyr KaAUTEPNG SLOKPLTOTONONG KAl TIEPLOPLO OV TOU UTTOAOYLOTLKOU KOUTLOU .

B3. I pépog-Kepaiao 5

To AnmoTteAEOHATA TWV TPOCOUOLWOEWV Tou PLUTO kat n afloAoynaor toug Ue Baon
To neipapa kol éva deUtepo kwdika tov GORGON, €ival TO aVTIKELUEVO TOU TEAEUTOOU
kedbalaiov 5 to omoio xpnolpomolel kat ta SNUOCLEVUMEVA QTIOTEAEOUATA ylo TV
Tipaypatonoinon tng StatptBng. Avalutikotepa:

i. Ztnv evotnta 5.1 mapouoidletal avaAutikd n Tepapatiky diataén twv dvo
kaAwdiwv BoAdpapiov mou xpnoiuomnoleital yia tnv afloAdynon Twv UTIOAOYLOTLKWY
TIPOCOLIOLWOEWY OTI ETMOUEVEC €VOTNTEG. Emiong e€fnyolvrtal oL TEXVIKEG TOU
XPNOoLHomoLlinkav yla Tov UTIOAOYLOUO TNG EMLPAVELAKIG TIUKVOTNTOCG TOU MAACUATOC
KOl TOV TPOTIO afLoAOYyNonG TwV OKLAYPADIKWY ELKOVWV KAl ELKOVWV LVTEPPEPOUETPLAG.

ii. Ztnv evotnta 5.2 éva 1/4 xwpikd povtéAo Z-pinch, povol kalwdiouv BoAdpapiou,
peAetatat. H povtehomoinon ¢ Siemudpavelog petafld MAAOUATOC KoL KEVOU (apalod
mAdopa aépa) Paciletal os 4 SL0POPETIKEG TPOOEYYIOELG KoL SUO SLadopeTIKOUC
ETUAUTEG. MveTal n teAkn a§loAdynon Kal n KAtdAnén o€ €va CUYKEKPLUEVO oUVEUAOUO
EMMAUTN Kol TIPOoEYYLonG (ELIKOVEG Twv oxnuatwyv 5.2.2-5.2.5). Eniong diepeuvartal n
ouvelodopad tnNG akTvoBoAiag HEow HeTODOPAC OTIOU ATTOSELKVUETOL TIOAU ONUAVTIKN
yla TNV KAAUTEPN QVOUEVOUEVN XWPOXPOVLKN €EEALEN TOU MAACUATOG (ELKOVEG TOU
oxnuarocg 5.2.6) [33,34].

iii. 2tnv 5.3 evotnta éva 1/16 xwpwkd poviédo X-pinch Sutlovu kaAwdiou
BoAdpapiouv yia ywvia 100° mapouotdletal oe oUyKpLon UE TO Meipapa. O Xwpo-
XPOVLKOG OXNUOTIONOG Tou jet kat n €€€A€N tou mapouctaletal Kal avalvetol. H
eMLPAVELAKI) TTUKVOTNTA TNG MAl0G TOU HOVTEAOU CUYKPIVETAL PE TNV OvTioTOLXN TOU
nepaparog eudavitovrag afloonueiwtn ocuvpdwvia (€LKOVEC Twv oxNUATWV 5.3.2-
5.3.4). O unNXoVIOUOG Mopaywyneg Tou jet avaAvetol mapouclalovtal Ol aVTIOTOLKES
UMEPNXNTIKEG Taxutnteg (Mach™~6) kal emefnyeitat n emppon twv eudavilopevwy
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Suvapewv Laplace kal Tou HNXOVIOUOU HeTadopds HAlog HEOW TNG avtioTtowng
TIUKVOTNTOG OPUNG (ELKOVEC TwV oxnuatwy 5.3.5, 5.3.6) [35].

iv. Ztnv 5.4 umoevétnta xpnotpomowovvtal o GORGON kat o PLUTO yua va
npocopolwoouy Sataén X-pinch kaAwdiwv BoAdppapiov pe pikpdtepn ywvia (50°). To
dUOLKO KoL aplOUNTIKO HOVTEAO QVOAUETOL KOl CUYKPIVETAL ylo TOUG SU0 KWOLKEG
(ewkoveg tou oxnuatog 5.4.2). E&L Sadopetikég mopalayéG TOU  HOVTEAOU
TIAPoUOoLAlovTalL O HiO CUYKEKPLUEVN XPOVIKN OTLyUn ywa tov PLUTO (elkdveg tou
oxnuartog 5.4.3 kat nivakag 5.4.1). Ot Stadopomnoinoels adopouv TNV povieAonoinon
NG OEPULKAG KOL NAEKTPLKAG aywyLLoTnTag, divovtag xprolpeg mAnpodopieg yla tov
TPOTO MoV eMNPEAIOUV TNV XWPO-XPOVLIKN EEALEN TOU povTélou [36].

v. ZTnv TteAeutaila evotntal yivetal pia avalutik mapoucioon twv Guolkwv
TIOPAUETPWY KAl TwV odlaotatwyv ¢Guolkwy HeTABANTWY Tou adopouv TNV UTo
KAlpoka peAéTn (e§lowoelg 5.5.1-5.5.3) twv mapayopevwy mdAKwY MTAACUATOG Kal TN
OUOXETLON TOUG ME avtioTolyoug aotpoduotkolg amod Neapd Aotpikd AvTiKelpeva.
Apketol adlaotatol aplOpol anodelkvueTal OTL Elval KOVTA Kal oTlc SU0 MPOOoEYYLOELG
(e€lowoelg 5.5.3). Zuykekplpéva mopouctalovtol Kol avoAUOoVTOL HUE ELKOVEC Kol
vpadLka:

a. O apBudg Mach (M), o ypriyopog kot apyog poayvnto-nxntikdg (Mg/Ms), o
aplOuog Alfvén (Ma) kat ol avtiotolxeg TaxUTNTEC (ELKOVECG TWV oxNUAatwy 5.5.1, 5.5.2).

B. O apBuog Reynolds (Re) kot o payvntikdg (Rm) avrtiotolxog (elkoOveg Twv
oxnuatwv 5.5.3, 5.5.4).

y. O apBuog Peclet (Pe) (elkdveg Twv oxnuatwv 5.5.5, 5.5.6).

6. H mapdauetpog x (cooling parameter) kat 1o mMAdopa B (ELKOVEG TwV OXNUATWV
5.5.8,5.5.9).

€. H mapauetpog tomkotntag (localization parameter §) (elkoveg Tou OXNUATOC
5.5.10).

Ta amoteAéopata TG OVAAUCNG TWV TOPATIAVW ELKOVWV KAl ypadnuatwyv
napouaotalovral oto mivaka 5.5.1. H avdAuon auth Sivel Kovivd amoteAéopata Ue
OANEC €pyaOTNPLOKEC A0TPODUOLIKEC peAETeg [50-52]. H avtiotoixnon kAlpakoag Sivel
HEPLKEG BEKABEG NS EpyOTNPLOU VA OVTLOTOLXOUV OE PEPLKA XPOVLA TWV A0TPOPUCIKWY
jet, pepwkd mGauss SLHCTNUIKWYV HayvNTIKwv Tedlwv oe dekadeg YALAdeC ToUu
£pPYQOTNPLOU KAl LEPLKA MM gpyacTnpLokol mAacopatog o ~10AU aotpoduoikou.

. MEAAOVTIKEG TPOOTITIKEG

OL TPOOTTIKEG avamtuéng, mepaltépw edapuoyns kat BeAtiwong ywa 1o Apeco
HuéMov eivat:
o Eloaywyn otov PLUTO, pe 6polo TpoOmo Tng avtiotolyng tou BoAdpapiou kot
AAWV UETOAALKWY UALKWY OTwG To AAoupivio, o XaAkog kat o MoAuBdoc. Me autov
ToV TPOTOo Ba yivel 0 KWALKAG TLO €VEAIKTOC Kal Ba pmopel va meplypd el kot aA\a
E£PYNOTNPLOKA TIAQOHUATA OMWCE EMIONC KAl VO TIPOCOHUOLWOEL PE KAAUTEPO TPOMO
EPYAOTNPLAKA ACTPOPUGCIKA LOVTEAQ.
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o Elocaywyl tou mAnpn tévoopa tou wdoug wote va povielomolnBolv
KAAUTEPA Ol SLATUNTIKEG TAOELG VLA VO UMTOPEL TO TIAAOHA VO EEKLVAEL ATIO TIOAU QPXLKEG
XPOVLKEG OTLYUEG, OXESOV OTn GAon TNG apXLKNG UETAANLKAG SLaTaéng pe tautdxpovn
ouvunapén vypou, aepiou Kal MAAOUATOG.

o OL 8Uo kwdike¢ (GORGON kot PLUTO) umopolv va xpnotluomolnBouv
Tautoxpova OAA Kol avefdptnta HETAEU TOUC WOTE va Tmeplypadouv OAa ta
avtiotowa nelpapata datafewv Z kat X-pinch tou IPPL.

o Kat ot U0 kwbLKeg pmopoLv va xpnaotpomnotndouv ot Statdlelg X-pinch moAwv
KoAwdilwv WOoTeE vo HUMOPECOUV va WPEAETOOUV epyactnplaka jet mou Ba
TIPOCOLOLWVOUV aVTIoTOLXO AO0TPOPUOIKA £XOVTAC OPKETEG OUOLOTNTEC HE OSLATALELS

KWVIKwWV Z-pinch arrays.
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CHAPTER 1
INTRODUCTION

1.1 Motivation for this dissertation

If we look high above in the clear night sky we can see approximately, from the north hemisphere,
3000 "plasma balls" glowing with their flickering light. We call them stars with plasma as their main
material. Plasma is often called “the fourth state of matter,” along with solid, liquid and gas. It is
superheated matter — so hot that the electrons are ripped away from the atoms forming an ionized gas
but could also have a potential collective behavior of any ordinary fluid. It comprises over 96% of the
visible matter in the universe. In the night sky, plasma glows in the form of stars, nebulas, and even the
auroras which sometimes ripple above the north and south poles. Those lightning formations are
plasma and so are the neon signs of our cities and our life-giving sun, the closest star to this planet.
Those wonders always made me curious and finally ignited a "plasma spark" in my mind for further
investigation.

Since so much of the universe is made of plasma, its behavior and properties are of intense interest
to scientists from various disciplines. For example, researchers have used the properties of plasma as a
charged gas to confine it with magnetic fields and to heat it to temperatures hotter than the core of
the sun aiming to Inertial Confinement Fusion (ICF) application. Over the last decades, plasma devices
have been used to study physics phenomena such as: fusion, laboratory astrophysics, x-ray
spectroscopy, radiation-plasma interaction, MHD instabilities study. The study of plasma dynamics
concerns a lot of interacting physics variables such as plasma density, temperature, ionization state,
thermal pressure, magnetic pressure, internal energy and radiation energy.

The initial motivation for this thesis was enhanced by the aforementioned potentiality and the vast
plasma applications. In the 21st century, experiments on pulsed power plasma facilities as well as with
high-power lasers have been executed for studying astrophysical phenomena in the laboratory,
providing promising results. The study focuses especially on the jet formation of Young Stellar Objects
(YSOs), the interaction with the interstellar medium and their knotted Herbig-Haro (HH) structure
formation (figure 2.10 Chapter 2) [1-18]. The exact spatiotemporal formation mechanisms of these jets
and their interaction with the magnetic field and the interstellar winds are under ongoing research via
both experiments and simulations [6-14].

The inspiration for this thesis is associated with the existence of pulsed power plasma devises at the
Institute for Plasma Physics and Lasers (IPPL) of the Hellenic Mediterranean University at Tria
Monastiria in Rethymno [19] along with the collaboration IPPL with the Astrophysics department of
the National and Kapodistrian University of Athens [20]. Furthermore, watching dedicated talks and
having conversations with leading professors of IPPL about the “Fundamental Science Program ” of the
ESFRI research infrastructure HiPER, inspired me with extra motivation to engage in plasma physics
research [19,21]. The laser- produced fusion is an artificial way to achieve in a micro-scale the same
physical procedure which takes place at the stars cores. These are still fascinating subjects and current
research areas.



The main research fields of IPPL are: i. High Power Laser Matter Interactions, ii. Plasma Science &
Technology, iii. Numerical Modeling & Simulations. A part of the experiments that are carried out
concerns the use of table-top Z and X-pinch pulsed powered plasma devises (figure 1.1) for plasma
physics studies. The phase transition from solid to plasma is priority research at IPPL. Valuable assets
to this study for each phase transition are the numerical codes [19,22-25].

For a Z-pinch single wire configuration, numerical simulations based on the Finite Element Method
(FEM), combined with Finite Volume Method (FVM) fluid simulations were developed to provide
valuable insights for important parameters such as temperature, density and expansion rate of the
exploded wire material from solid to plasma phase. The initiation of Magneto-Hydro-Dynamic (MHD)
instabilities in the plasma phase and the influence of the thermo-elasto-plastic regime on their
creation were investigated using the original 4.2 version of PLUTO MHD code [22-25]. The successful
description and evaluation attained through the experiment, of the matter phase transition and the
instabilities origin and growth rate, are a strong indication of the need of the transition phase multi-
physics simulation research. Furthermore the MHD numerical schemes and simulations could give
valuable information for the final stages of the matter behavior, ending the matter evolution study.
The same study of the Z-pinch wire could be expanded to the X-pinch and other plasma configurations
(i.e. for ICF studies or laser produced plasmas) which are still a very active scientific research field.
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Figure 1.1: Presentation of the yz level slice of the Global coordinate system and the schematic
depiction of the plasma cylinders slices and the magnetic field of a two wire X-pinch configuration.

In an X-pinch discharge, a large current is pulsed through the two wires, which are arranged in the
form of an 'X' between the electrodes. Initially, work on X pinches was concentrated upon their
development as versatile laboratory radiographic tool. The micrometer scale source size, the keV
photon range and the short 10-100 ps burst duration make the X pinch an ideal source for point-
projection radiography of rapidly evolving objects, like laboratory plasmas [26-29], biological samples
with a much finer resolution than any ordinary radiography [29-31,32]. Furthermore, the small size and
predictable location of the radiation source(s) within the X-pinch make it attractive for applications



such as x-ray backlighting [32] and microlithography [33,34]. This intense burst of x ray comes from
plasma with material densities close to solid (or even beyond), electron densities up to ~10°%
102e/cm® and electron temperatures in the hundreds of eV to keV range. On the contrary, the
surrounding corona plasma has many order of magnitude lower densities while the cold wire core can
have till later simulation/experimental times, temperatures only of a few eV or even less [35]. The X-
pinch geometry is essentially three-dimensional and as a result, in order to accurately describe the
plasma evolution, 3D MHD modeling should be used resulting to computational demanding models.

Interest in the plasma jets formation was increased when their applicability to those observed in
astrophysics was realized [26,36,37]. Correlation and scaling to large scale astrophysical plasma jets
have been investigated in the past [36,37] but mainly for other large scale infrastructures like Z-pinch
machines [15-17,38-40]. The scaling factors and all the relevant physics numbers and parameters can
be estimated for a low current X-pinch configuration, investigating any correlation to the YSOs and HHs
objects jets.

The plasma numerical/simulation study of the very small (millimeter scale) laboratory sizes of an X-
pinch configuration and the astrophysical scaling to hundreds of astronomical units (AU) for an YSO jet,
where someone needs a MHD computational scheme, functional for every density, temperature,
magnetic field and pressure, was the primary goal of this dissertation.

1.2 Simulation models of MHD laboratory/astrophysical numerical codes

The study of plasma generation and evolution is a complex multiphysics problem. Such problems
demand the development of advanced computational models and simulation schemes to provide
insights to the experiments. In the 21st century a lot of codes were developed and evolved describing,
during this evolution process, different physical problems than their original design [26,41-64]. Purely
Eulerian grid codes like GORGON [15-17,26,46-54] or purely Lagrangian like MULTI-2D [58-60] or
Arbitrary Lagrangian Eulerian (ALE) codes like ALEGRA [41-45] and MACH2 [57,61] are capable of
describing astrophysical and laboratory plasmas. Some of them, like MULTI-2D , begun as
hydrodynamic codes and lately adopted MHD schemes with radiation transport and other dissipative
effects aimed to describe Inertial Confinement Fusion (ICF) models [58-59]. Even purely astrophysical
codes like ATHENA or ZEUS and originally astrophysically developed like FLASH were evaluated and
tested on the Noh Z-Pinch problem or on investigating the implosion dynamics of wire-array Z-pinches
[55-57].

Specifically the GORGON 3D resistive Eulerian MHD code has been used for MHD plasma
applications such as laser-produced magnetized jets [1,16,18,65], Z and X-pinch wire configurations
[26,27,36,50], Z-pinch wire arrays [6,8,9,30,31,54], conical arrays, radial wire arrays and foils that
create magnetically driven outflows, which are studied in laboratory astrophysics experiments mainly
for YSO's and HH jets [1,15-18,51-53]. The flexibility and the wide range applicability are the main
reasons why we use this code as a supplementary evaluation tool along with the main code of this
dissertation, PLUTO [66,67]. Our choice for PLUTO is analytically presented and explained at the
section 1.3.

Different schemes are used in these codes for the magneto-hydrodynamics and radiation transport
modules. The diffusion equation of the magnetic field B is solved implicitly with an iterative method in



MACH2 [57,61], and ZEUS-2D [55], while an implicit solver for the equation of magnetic vector
potential A is employed in GORGON to ensure a divergence-free magnetic field B [17]. A radiation
cooling model or a flux-limited diffusion model is available in MACH2 [57,61]. Radiation effects are
included through an optically thin radiation loss model in GORGON, which does not consider the
radiation energy transfer inside the plasma [17]. A full radiation transport algorithm which is applicable
in both thin and thick media is utilized in ZEUS-2D [55]. MULTI-2D [58-60] has the ability to treat
radiation transport in both optically thick and thin regimes, with angular resolution, on a unstructured
mesh in axisymmetric coordinates. ALEGRA [41-44] has two different approximations for the thermal
radiation transport. The most accurate is a multigroup Implicit Monte Carlo (IMC) package while a
faster, but less accurate approximation, is a flux limited diffusion package [44].

The thermal conduction module and the appropriate Equation Of State (EOS) are two important
implementations for plasma evolution. Especially for situations with no radiation transport, the
thermal conduction module is the one replenishing the energy exchange and transfer, smoothing the
localized energy sources which can be developed due to Joule heating, lowering unnatural increment
of the plasma temperature. Multi-material support with tabulated EOS and opacities is included in
FLASH, while the thermal conductivity diffusion equation is referred to the Spitzer electron thermal
conductivity using the electron specific heat [56]. ALEGRA supports an implicit thermal conduction
modeling in the operators' split methodology. The moving mesh elements are using interface
reconstruction method algorithms for transporting material interfaces, while fluid pressure P, mass
density p and total energy Eia are correlated through appropriate thermodynamic equations which
can use bulk modulus weighted schemes. The MHD scheme is accomplished through a model which
combines hydrodynamics and Maxwell’'s equations in moving media with displacement currents
neglected [44]. GORGON has both the ion and electron thermal fluxes, using Braginskii-like transport
coefficients while there are two energy exchange rates between ions and electrons (Aei=-Aie) that
couple the ion and electron energy equations. The thermal pressure and internal energy are correlated
through an ideal EOS with the addition of an extra term at the electron equation, representing the
ionization potential energy depending on the average ionization charge Zs of the plasma. The latter is
calculated with the use of an average-ion Thomas-Fermi model [17]. In MACH2 and 3 the equation of
state and caloric equation of state prescribe the fluids pressure and specific internal energy based on
number densities and temperatures. Similarly the transport equations define the transport
coefficients, such as electrical diffusivity and thermal conductivity. MACH can use a provided set of
analytical models, including the ideal gas model and Gruneisen model [68], or can be extended to
include additional tabular data models of plasma EOS and transport variables such as radiation
opacities, obtained from semiempirical tables [61]. These equations can usually be provided via the
SESAME data tables generated by the T-4 group of the Theoretical Division at Los Alamos National
Laboratory [69-71]. The purpose of (Magnetically Accelerated Radiative Plasma Explorer, 3D version)
MARPLE 3D is to provide numerical tools capable of performing large-scale 3D simulations in the field
of high temperature hydrodynamics and High Energy Density Plasmas (HEDP). The demands of such
physical problems need a full package of electron-ion energy relaxation, energy dissipation, and
spectral multigroup radiative transfer and conduction. There are a lot of similarities and applications
like the ones in ALEGRA due to the need of the whole four phases of matter and the wide range of



plasma density and temperature description. The equation of state is implemented as a C++ class
hierarchy, which allows the use of various types of state equations (analytic, tabular etc.). These
equations correlate the ion and electron temperature, thermal ion and electron pressure as functions
of mass density and internal ions and electron energy. The thermal conduction solver models the ion
and electron thermal conductivity and the energy relaxation between ions and electrons. The
expressions for the thermal conductivity coefficients ke and k; and the electron-ion relaxation ke; are
taken from the polymorphic object describing the properties of matter (EQS, etc) [62]. Astrophysical
codes like ATHENA or ZEUS-2D and 3-D usually use ideal EQOS, while in many cases the thermal
conduction module is absent [55,57]. Nevertheless, expanding ZEUS in ZEUS-EW [55] using the
appropriate EOS Thomas—Fermi—Kirzhnits model and a modified Lee—More—Desjarlais model, a
successive investigation of the dynamics of a wire array aluminum explosion is achieved where
radiation and heat conduction are ignored. Heat conduction model with a flux limiter is implemented
in the MULTI-2D too. In the current implementation, energy transfer via radiation and heat conduction
are solved together with a single application. Sometimes heat flux under extreme gradients is
modeled, imposing a maximum allowable value fulfilling this requirement by using a nonlinear
conductivity instead of k [58]. The temperatures of the electrons and the ions are regarded as equal.
Tabulated equations of state are generated by the QEOS model or the ideal gas model [62].

The electron transport coefficient (density and temperature dependent electrical conductivity) has
been proved to be an implementation with a key role to the simulation. The WDM regime at low
temperatures is a considerable factor in the proper electrical resistivity implementation. The Spitzer
resistivity model is sound in the ideal gas regime for high temperature and low-density plasma,
whereas it is not applicable within the phase transition zone, particularly, in the WDM regime with
high density close to the solid state. Additionally in most numerical schemes a high artificial resistivity
is considered at the vacuum area minimizing the level of Ohmic heating and thermal energy transport.
The resistivity in GORGON has an anomalous component and is Braginskii-like, including two
components, the classical ion-electron contribution and the electron-neutral contribution [17,72]. The
ion-electron resistivity is taking into consideration the anomalous collision term with the low hybrid
frequency [72]. Thus, a high resistive vacuum is regarded where only the vacuum form of Maxwell's
equations are solved [17], while the inclusion of anomalous resistivity, due to the lower hybrid micro-
instability, is numerically convenient, providing a physically justifiable scaling from finite plasma
resistivity to virtually infinite vacuum resistivity, preventing a large discontinuity in the resistivity
coefficient at the boundary [73]. Non-conducting regions are treated as being highly resistive in
ALEGRA too; modeling environments which include magneto-solid dynamic motion transitioning into
melted and vaporized material interacting with magnetic fields. Thus the flow can range from an Ideal
to a high diffusive regime. The Lee-More Desjarlais (LMD) models provide the crucial material
modeling of the high temperature state transitions and in particular how the conductivity varies with
density and temperature, giving practical improvements to the Lee-More conductivity near the metal-
insulator transition [74,75]. The electrical conductivity can be obtained from semi-empirical (LANL
SESAME) tables or from the LMD electron transport model also in MACH2 code [57,61]. Modified LMD
models are used in ZEUS-EW [55], as we already mentioned, simulating the dynamics of aluminum
wire explosions. A perpendicular and parallel Spitzer magnetic resistivity with respect to the field line,



according to the prescription of Braginskii, is the most common option in FLASH code [56,76-78].
Braginskii/Spitzer like or of zero or constant value transport formulas are commonly used in
Astrophysical codes like ATHENA [57], CRONOS, ZEUS [55], FLASH [56,77], PLUTO [66,67] due to the
low density and high temperature plasmas.

The purpose of any MHD code development should be to provide numerical tools capable of
performing large-scale 3D simulations in the field of high temperature magneto-hydrodynamics, HEDP
and WDM which are the more demanding physical regimes for accurate simulations. The experimental
data for these extreme plasma conditions are also lacking the abundance of the dilute and low
temperature plasma regime data. Such tools should be properly designed and adjusted to modern
supercomputer systems. Due to complexity of physical processes which should be taken into account
and the wide range of spatiotemporal non-uniformity scales observed experimentally, the more
demanding pinch problems like X-pinch and wire array configurations are so intricate and
computationally expensive that may be comprehensively studied by use of distributed high-
performance computing only, especially in the 3D case. The development of parallel codes and
computational processing for these simulations are a real challenge for the specialists. In our case the
high computational demanding simulations are being performed on the state-of-the-art HPC facility of
GRNET S.A., ARIS (National Infrastructures for Research and Technology S.A.) [79]. Both PLUTO and
GORGON have a built-in system module of MPI routines/compilers for the parallel run execution.

Figure 1.2: HPC facility of Hellenic supercomputer ARIS, consisting of 532 computational nodes.

There is a variety of computational schemes and the applicability of each code in most cases is not
for all the plasma configurations, densities and temperatures regimes. Proper boundary conditions and
solvers for flux computation (i.e. Riemann), appropriate plasma-vacuum interface correlation, control
of the numerical dissipation, elimination of the numerical pathologies, physically consistent magnetic
field spatiotemporal evolution, are matters to be considered, having no simple answers in complex
plasma configurations.



1.3 PLUTO advantages and benefits analysis

Open source Eulerian MHD codes are usually astrophysical due to the vast variety of space plasmas
and their interaction with self-produced or external magnetic fields. An Eulerian, easily programmed in
C language with HD and MHD module is PLUTO [66,67].

PLUTO can describe any plasma formation at the ideal or dissipative term regime having a system of
(nearly) conservation laws, of the form:

Jau
2t + V- T(U) = S(U) (1.1)
where U represents a set of conservative quantities, T(U) is the flux tensor and S(U) are the source
terms [66,67]. The main advantages of this code, suitable for this work, are:
1. It includes four different choices of the EOS system where the Pressure-Volume-Temperature-
Energy (PVTE) EOS is the most suitable, correlating the internal energy ,thermal pressure, mass density
and plasma temperature, considering different plasma materials. Tabulated versions of EOS can
replace expensive and not so accurate function evaluations.
2. Includes Explicit or Super Time Stepping (STS, accelerating the Explicit computations) resistivity
modules.
3. The thermal conduction module is implemented, including kj;; and ki thermal conduction
coefficients along and across the magnetic field of the classical thermal conduction flux.
4. Includes a viscosity stress term, entering the MHD equation by a viscous stress tensor, using the
shear (v1) and bulk (v,) parameters of viscosity respectively.
5. Includes time dependent optically thin radiative losses with five different cooling module selection.
The tabulated module is the most suitable for laboratory metal plasmas where the internal energy
equation is solved using a tabulated heating/cooling function A(T).
6. Radiation transport effects are included in the two-temperature approximation with an additional
equation for the radiation energy. This was firstly distributed with the 4.1 version of the code and can
be implemented to newer versions [80].
7. Includes six different embodied boundary conditions that can be applied at the ghost zones of the
computational domain. Along with the potentiality of user defined boundary conditions and the
internal boundary condition switch where the user has a full control over the solution array,
boundaries are a strong suit for PLUTO.
8. Includes seven different Riemann solvers, five different reconstruction schemes for spatial order
integration and five different time-stepping algorithms set a variety of choices for a robust and more
accurate simulation run.
The 1-6 modules are analytically presented at Chapters 3 and 4 while the 7 and 8 are described at
Chapter 4.

The original code has been successfully used as we already mentioned, as a supplementary tool, via
a FEM/MHD coupled model that simulates the final plasma phase evolution in a copper Z-pinch single
wire configuration using an ideal EOS and Spitzer's resistivity [22-25]. Preliminary results for an X-pinch
low current configuration have also been presented considering an ideal EOS and constant resistivity in



[81]. In this specific study the “plasma neck” braking, the formation of the axial plasma jets as well as
the development of MHD instabilities were the main physical phenomena that were demonstrated, in
comparison with the experiments, verifying the potential even of the specific unmodified MHD code.
Since the original PLUTO code operates in the C.G.S metric system, all the formula presentations and
mathematical analysis of Chapters 3,4 and 5 are in the same system.

1.4 Modifications and module implementations in PLUTO for laboratory metal
plasmas

Pluto has been used to the past without major modifications from the original code. Our new approach
in the code is essential to make an independent plasma phase study from a low temperature start
plasma (first nanoseconds of current rise) to later times up to the point the MHD approach is still valid.
Thus, the originally astrophysical code is majorly modified being able to simulate laboratory plasmas,
throwing light in the understanding of complicated phenomena in astrophysical plasmas. The physical
model in the code is able to simulate a single tungsten wire Z-pinch, a two wire X-pinch and can also be
extended in Z-pinch wire arrays or any geometric plasma formulation of tungsten or other metal
materials. For this purpose, new algorithms for the PLUTO, which extend the field of applicability of
the code modules, are being developed for these laboratory plasmas. Three regions for the connection
of the pure vacuum with the material plasma are implemented to make the spatiotemporal derivatives
smoother. This distinction creates an extra material plasma vacuum environment interacting (or not)
with the wire plasma. The new modules seeded in the code aim to produce a robust computational
domain, describing as good as possible and according to the literature data/experimental data, the
plasma spatiotemporal evolution, reducing its size relative to the real experimental chamber, focusing
in a specific domain area of interest and last but not least, saving valuable computational time and
space. These major modifications are listed below:

1. Use of the PVTE EQOS, which is modified to include metal material plasma and plasma air, using
tabulated data by the MGGB/SESAME Database [69-71]. Given the thermal pressure and the mass
density via the curvilinear mapping p=p(p,T), the temperature is evaluated and afterwards the internal
energy density pe is computed using the pe=pe(p,T) table and vice versa. Five different mixing methods
of metal plasma and plasma vacuum provide flexibility to the MHD computational scheme (analysis in
Chapter 3/PART | and 5.2 section of Chapter 5).

2. Two main choices for the electrical resistivity are included,

i. the simple modified Spitzer-like formula equation as presented in equations 3.52-3.55 and 3.58 in
Chapter 3.

ii. a linear mix formula considering the electron-ion and ion-neutral contribution [82],

Notal = Nej + Nep (1.2)

where ne, is the electron-neutral resistivity and ne is the electron-ion resistivity. The analytic
presentation is discussed at the 3.4.1.3 subsection in the third Chapter and at the 5.4.1 in the Results
Chapter.



3. the optically thin radiative losses module are taken into account using tabulated data with the help
of the FLYCHK code [83,84] (Chapter 3/Part I).
4. the ks« is the component coefficient of the thermal conduction flux, transverse to the plane of B and
VT, which is added to the source files of the code to approximate better the metal plasma
temperature and the energy exchange spatiotemporal profile. The classical Braginskii components are
used for the three thermal conduction coefficients. Due to the fluid nature of PLUTO, a linear sum of
the electron and ion component for the parallel and normal coefficients and the subtraction of the two
for the transverse one according to the MHD equations form, is used [78,85,86] (equations 3.74-3.82
in 3.4.2.3 subsection of the third Chapter).
5. a modified radiation transport module is implemented, able to include metal plasma materials,
described analytically at the Chapter 3/ Part | relative section [80].
6. plasma density is determined along simulation run using the effective ionization charge state Zef,
with the help of tabulated values that FLYCHK code provides [83,84] (Chapter 3/Part ).
7. the inclusion of a passive scalar function is used for the intermediate transition zone among the
metal plasma and plasma vacuum region for the multimaterial approximation, helping to have a
smoother behavior at the tungsten plasma-vacuum air interface, avoiding deformations and extra
dissipation (section 5.3 in Chapter 5).
8. the magnitude of the magnetic field is updated in the whole computational domain, at the
necessary time steps using the experimentally measured current. The magnetic field satisfies the
Ampere's law and the Stokes theorem along the execution run for the whole volumetric computational
territory. Therefore the energy inflow is imposed avoiding the limitations of using a time dependent
magnetic field at the boundary planes (more detailed discussion at Chapters 4 and 5).
9. a Bennet deviation factor defines the initial radial temperature distribution as a function of the
thermal pressure, the magnetic field magnitude and maximum radius, allowing LTE initial plasma
conditions (or not) and a cold/hot plasma core relative to the plasma wire outer thinner/corona-like
regions (Chapters 2 and 4).
10. skin depth implementation module also defines the initial current density distribution affecting the
initial radial profile of the magnetic field distribution (Chapter 2.1.1 subsection).
11. the flexible boundary condition system in PLUTO provides three main computational schemes for
the Z and X-pinch simulations,
i. the standard PLUTO set of symmetric-periodic and outflow boundary condition, appropriate to
simulate mainly axisymmetric models of Z-pinch wires (Chapter 5.2 models).
ii. the user defined X-pinch configuration setting the appropriate boundaries at the wire end-boundary
interface (Chapter 5.3 and 5.4 model)
iii. the Riemann solver of PLUTO is deactivated in the vacuum region through the internal boundary
switch, without any loss of the generality of the numerical approximation, setting fixed values for the
thermal pressure, mass density and plasma temperature there. This allows for smaller spatial
computational models without the diffusive behavior of other boundary implementation schemes
(Chapter 5.4 models).

Switches for the upper and lower values of vacuum mass density, thermal pressure and a lower
value switch for the vacuum temperature preserve the simulation of negative and unphysical values.



The mass density and thermal pressure initial profiles implementations follow a radial Gaussian or
parabolic (outcome of the Bennet equilibrium relation for thermal pressure) or a combination of these
two distributions, providing a smoother radial transition from the denser metal plasma region to the
thin plasma vacuum area.

The flexible PLUTO architecture sets an ideal environment for these and any future
implementations.

1.5 Objectives of this dissertation

The main goal of this thesis is to numerically investigate the plasma dynamic evolution of Z and X-
pinch devises. A more thorough investigation of the jet formation mechanisms and dynamic evolution
of a two-wire tungsten X-pinch formation along with experimental validation is presented. Additionally
a possible correlation to astrophysical jets of Young Stellar and HH objects is discussed.

In order to achieve robust, flexible and realistic computational simulation models, a variety of
different numerical and physical schemes is needed. An extra study of this work is the synthesizing
process of extracting physical formulas for all the dissipative terms for all density and temperature
regimes. The mathematical transformation of any Local plasma configuration to the Global coordinate
system is a supplementary and necessary study, as it provides the appropriate spatial profiles for all
the physical variables and assisting for the best spatial resolution that can be computationally
executable.

In Chapter 2 there is a state of the art presentation of the Z and X-pinch configurations and
numerical work. Laboratory experiments and astrophysical related jets are also included, mainly for
Young Stellar and HHs objects presentation along with the relative simulation studies.

In Chapter 3/PART |, the MHD module which is relative mostly to the conservative form of the
PLUTO code, is presented. The thin/thick radiation module implementation is analyzed and the EOS
tabular data set is explained, defining the mass density-thermal pressure-internal energy-plasma
temperature correlation.

In Chapter 3/PART II, all the dissipative terms that are implemented or can be implemented in the
future in any MHD code, are introduced. The synthesis of different physical formulas for piece-wise
functions or correction factors to already known formulas or combination formulas, provide flexibility
for any MHD numerical scheme and also, for any Z or X-pinch configuration at any density, thermal
pressure and plasma temperature regime. The graphic presentation of these formulas provides a
comparison evaluation tool with experimental/semi-empirical or other studies, data.

In Chapter 4 the one fluid MHD code PLUTO is described, the numerical and mathematical/physical
schemes implemented or improved at the already embodied numerical-tool system. The new
modifications which are essential to the code to describe laboratory metal plasmas, such as tungsten,
of X-pinch or Z-pinch configurations surrounded by a second thin plasma material, such as plasma air,
considered as the low density plasma background, are presented. Moreover, the mathematical
transformations through rotation and displacement matrices are presented correlating the mass
density, thermal pressure and magnetic field Local components to the Global ones. Examples of Z and
X-pinch configurations are discussed according to these transformations. Two specific simulation
applications of these transformations are preliminary tested and evaluated. The first is a "cold" start X-
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pinch configuration using two unmerged metallic tungsten wires, starting just before the ablation
phase and the merging in a denser cross-point area. The focus of this simulation is at the cross-point
area. The study ends when the merging is succeeded and the formation of the axial jets is initiated. The
second is a four tungsten, thin wire, low current Z-pinch array configuration study till the stagnation
phase. Both studies present novel and very promising results for future work.

The computational results are presented in Chapter 5. The section order has as follows:
i. In section 5.1 the experimental devise of the X-pinch configuration is presented , used to evaluate
the simulation results. The experimental techniques and the software processing package are briefly
presented.
ii. In section 5.2, a 1/4 spatial model of a single tungsten Z-pinch wire is studied. The modeling of the
interface region is based on four approximations and two different PLUTO solvers are used for the
simulation. The simulations are repeated with the temperature of vacuum constrained, resulting to
sixteen simulation cases evaluation. The contribution of the radiation transport module to the
appropriate plasma evolution is presented through a specific model [87].
iii. In section 5.3 a study of a 1/16 spatial model, of an X-pinch tungsten plasma configuration for a
wide wire angle, is presented. The spatiotemporal plasma jet formation and evolution is presented and
discussed. The simulated areal mass density is compared with the experimentally measured dense
opaque region to enlighten the dense plasma evolution. In addition, the measured experimental areal
electron density is compared to the simulation results. The main jet formation mechanisms are
analyzed and discussed in relation to the influence of the JxB force and the mass momentum density
[88].
iv. In section 5.4 GORGON and PLUTO are used to simulate a sharp two-wire tungsten load X-pinch
geometry. The physical and numerical modeling differences of GORGON and PLUTO as well as their
influence on the simulation results are demonstrated and analyzed. Six different computational MHD
schemes are presented at a specific spatial moment only for PLUTO. The model comparison provides
valuable information on the improvement of flexible and efficient X-pinch models according to the
experimental data and offer crucial insights on the mechanisms of plasma evolution and jet formation
[89].
v. In section 5.5, the scalability and jet astrophysical relevancy estimation for the 5.3 section's X-pinch
pulsed power configuration is attempted. All relevant dimensionless numbers are calculated for the X-
pinch plasma and compared to the ones of other laboratory astrophysics experiments and to the ones
of YSOs, HHs and other astrophysical objects.
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CHAPTER 2
LITERATURE REVIEW

PINCH PLASMA DEVISES AND LABORATORY ASTROPHYSICS

2.1 Literature review of Z-pinch plasma experiments and simulations

Over the last decades, interest in pulsed power plasma devices remains high, since they are simple to
implement and can be used to produce extremely high plasma-energy-densities in the laboratory.

The simplest pulsed power plasma device is the Z-pinch loaded with a thin in diameter solid wire or
with a gas in a gas puff configuration. [1-11]. A Z-pinch plasma device is a plasma confinement system
which uses currents to generate the compression magnetic field. The current heats, ablates and
converts the solid, in the case where a solid wire is used as target, into plasma. The plasma consists of
a colder core and a hot expanding corona plasma. Interplay between magnetic pressure Pnag and
thermal pressure Piherma, modulates the plasma evolution and the creation of MHD instabilities.
Bremsstrahlung effects, Ohmic heating and radiation transport phenomena also affect the plasma

temperature and expansion [12].

mag

N4

Figure 2.1: A wire Z-pinch design presenting the upwards current density J, the azimuthal magnetic
field B and the inwards and outwards local magnetic and thermal pressure respectively.

The Z-pinch configuration is a vacuum discharge plasma device, which uses a current to heat and
convert matter into the plasma state. During the heating process strong magnetic fields are generated
which subsequently compress the plasma. Such plasma confinement devices consist of an energy
storage unit (i.e. a MARX bank) (figure 2.2), a pulse forming line and a metallic wire attached between
two electrodes, the anode and cathode. Initially, the wire is heated up until it becomes a plasma,
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which then continues to drive the current along the axial direction. The advantages of the Z-pinch are
that large volumes of plasma are produced with very high energy density.
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Figure 2.2: A 3D CAD model and the detailed cross section of a wire Z-Pinch device [4].

Z-pinches are frequently used in the study of fundamental problems such as among others
laboratory astrophysics, material’s equation of state research, generation of X-ray sources and
magnetic confinement fusion research. There are two main types of Z-pinch devices: the equilibrium Z-
pinch [4-10] and the dynamic or “fast” Z-pinch [2]. The former is a simple form of magnetically
confined plasma, susceptible to MHD instabilities while it is not an effective magnetic fusion energy
(MFE) scheme. The latter is a highly efficient plasma radiation source (PRS). Examples of such devises
are the solid single wire Z-pinches [1-10], the Z-pinch liners [18,19], the wire array Z-pinches [9,14-17],
the fiber Z-pinches [7,8], the Z foil liners [13] and the gas-puff Z-pinches [20-22,24]. More precisely,
cylindrical foil liners are often used in scale Z-pinch experiments to study physics relevant to Inertial
Confinement Fusion (ICF), while 3D extended Magneto-Hydro-Dynamic (MHD) simulations are used to
study these experiments [13]. 2D [8,9] and 3D MHD codes like PERSEUS [13], GORGON [17], MACH2
[19,24], ALEGRA [16,23], MARED [15] and many others are developed and implemented to simulate Z-
pinch experiments. The original version of PLUTO has also been used to study the MHD instabilities in a
single wire Z-pinch configuration [4-6] and for the study of the Magneto-Rayleigh—Taylor (MRT)
instability in thin liner implosions [18].

2.1.1 Pinch equilibria and Bennett relation

As an example of a simple equilibrium Z-pinch, a cylindrical plasma column currying a strong electric
current along the z axis, is considered. The current creates a magnetic field, resulting in a JxB force
directed radially inwards, resulting in the so called pinch effect (figure 2.1). For a perfectly conducting
plasma with a current density J, it is possible to examine the steady-state equilibrium conditions
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through a MHD treatment [12,25]. Considering steady-state, where the plasma velocity is neglected
and also neglecting viscosity, the MHD equations are simplified to the magneto-hydrostatic case:

VP=I><B (2.1)
C
- (2.2)
VxB=—
C
V-B=0

(2.3)

where P is the thermal pressure [25]. The azimuthal symmetry and the radial gradient direction,
considering also the current flow along z axis, transform this system to the next system of equations:

dP 7By

ar

(2.4)

c 0d(rBg) (2.5)
h = — .
where J; 4nr  Or
and z, 6 and r are the cylindrical coordinates. Combining 2.4 and 2.5 we find:

dP_ Bg 0(rBg) (2.6)
dr  4mr or

For simplicity, we can choose a constant current density profile Jz=const. This determines the thermal
pressure and magnetic field profile inside the plasma cylinder of radius ry, as:

2nr
Be=—]Z,OSrSr0 (27)
C
and
r? 2.8
P=P0<1——2>,0SrSr0 (2.8)
4]
where
m
212
PO_Czro ]Z

Outside the plasma cylinder the thermal pressure and current density have zero values, while the
magnetic field obeys the inverse radius law resulting from the Ampere's law.
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Figure 2.3: Parabolic radial thermal pressure profile (at the left) and the radial distribution of the
magnetic field magnitude (at the right) produced from a constant current density of a plasma cylinder

with a radius ro.

Thus, the pressure balance determines the internal structure. If we consider a constant temperature
profile (isothermal), the mass density p is proportional to thermal pressure and has also a radial
parabolic profile. This is used as a parabolic initial condition for the MHD simulation when considering
an equilibrium state with a high internal resistivity value.

If we consider a small resistivity inside the plasma (high conductivity metal), the skin effect can play
a significant role in the spatiotemporal radial plasma density, temperature and magnetic field
distributions. We assume the surface magnetic pressure is balanced by the internal thermal pressure,
while a uniform density and temperature can be considered. With regard to the skin effect [26], a
piece-wise function which relates the current density, is introduced:

_Rpax—(r+Ar) ]
1,(0) =], 1€ 8 if 0 <r<Rp,x—Ar

e~ (~Rmax-B0)/W)?  §f R _Ar<y

(2.9)

where Rmax is the radius of the maximum magnetic field while Ar = v/2 w and w is chosen for the J»
function to reach J2(Rmax) = Jo/€2. The equation of current density, for Rmax-Ar<r, is applied in order
to achieve a smooth transition to zero values. The skin depth & is defined as:

C
N (210)

where o is the conductivity, w the angular frequency, ¢ the speed of light and p, the relative

S5 =

permeability (uris 1 for most cases).
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This current density profile modulates the magnetic field inside the plasma cylinder. The magnitude
of the magnetic field B(r) is defined through Ampere's law from the current density profile J=f(r) and
the radius r, decreasing as 1/r outside the plasma cylinder. Thus, the magnetic field magnitude is:

_4nfy J,(Drdr
==

B(r) (2.11)
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Figure 2.4: Presentation of a typical distribution of current density along plasma radius for a smooth
skin effect as described by the functions of equation 2.9. The inset picture presents the skin depth radial

profile, where the red are the high current density values and the orange/yellow the lower (PLUTO
simulation).

The thermal pressure radial profile can be derived from the equation 2.6, resulting to a Gaussian
one. If we consider a constant plasma temperature we have the same profile for mass density too. The
resistivity, the current density radial profile and the assumption of LTE conditions (or not) can alter
the temperature profile, the thermal pressure and the mass density radial distribution.

If equations 2.6 and 2.11 are applied for a plasma cylinder of radius rq, the enclosed current I,(r) is
obtained:

dl,(r)
a2 (2.12)
where
o= | 2m),(dr =1,
o= | 2l dr = 1,0 213)

Combining the equations 2.6, 2.11 and 2.12, 2.13, and after integration, we get:

r

Ip? = 4nc2j

OI‘P(I') dr (2_14)
0
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If we use the ideal gas relation: P=NikgT;i +NekpTe=(Zetr+1)NikgT where N;j and Ne are the number
density of ions and electrons respectively, Zes is the mean ionization state, kg is the Boltzmann
constant, and we assume that Ti=T.=T, the equation 2.14 becomes:

r

(2.15)

0
192 = 2¢?( Zgg + 1)Ny kg T, where N;; = f 2nrN; (r) dr

0
It should be noted here that Nj defines the number of particles per unit length of the plasma column.
Equation 2.15 is called the Bennet relation. It calculates the total current which must be discharged
through the plasma column in order for the confinement to take place at a specific temperature for a
given Nj.

2.1.2 Radiation losses and transport in Z-pinch plasmas

Radiation transport is the redistribution of energy within a nonlinearly coupled medium by the
emission, movement, and absorption of photons. Radiation absorption, re-emission and photo-
ionization are considered in radiation transport studies.

Below, the principal effects of radiation transport in Z-pinches are presented:

i. The emitted power can be significantly reduced, compared with the optically thin case, by the
absorption of radiation within the pinch. Optically thin means that the size and/or density of the pinch
are small enough so that emitted photons escape without being absorbed: most Z-pinches are not
optically thin.

ii. Localized radiative heating or cooling can occur within the pinch.

ili. Reabsorption and/or scattering of photons can often increase bound-state excitation and
sometimes ionization.

iv. Even in the rare instance of uniformity in a pinch plasma, boundary effects on the radiation field can
introduce gradients in excitation and/or ionization.

v. The emitted spectrum can be significantly affected, sometimes enhancing its diagnostic value.

High current Z-pinches incorporate increasingly larger masses of plasma and are nearly always
optically thick to some or most of the photons that they produce. Modelling of the radiation transport
is an important element not only in attaining an overall picture of the physics of Z-pinches, but also in
optimizing their properties for applications [27]. For instance, radiation uniformity is important for Z-
pinch dynamic hohlraum-driven fusion. MHD codes like MULTI-2D are employed to investigate the
related physical processes. Today, the radiation transport algorithms can usually handle accurately
optically thick and optically thin regions simultaneously [28,29]. We present two typical cases. The 2D
Radiation Magneto-Hydro-Dynamics (RMHD) code MARED along with the 1D RMHD code CRMHA
which implement more detailed radiation model are used for the radiation study of a wire array Z-
pinch and Dynamic Hohlraum [15]. 3D ALEGRA-HEDP is used to simulate the thermal radiation
transport in wire array configurations using two different approximations to the Boltzmann Equation
[16,30]. Nowadays, the coupling of the radiation field with the HD/MHD schemes are being studied
[31,32].
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One interesting phenomenon, which is possible in a Z-Pinch is the so called “radiative collapse.”
When the temperature and density of the plasma are high enough, losses from radiation will exceed
Ohmic heating. The pinch will collapse to densities much higher than the solid ones (overdense
regime). Related to this phenomenon are the X-pinch crosspoint area dynamics that will be presented
at the next section and pinch plasma devises related to ICF studies [33, 34].

The current at which this collapse occurs is referred to as the Pease-Braginskii (PB) current Ipg. For a
steady state plasma, in which the Bennett relation is satisfied, the power deposited by Ohmic heating
will be in balance with the power radiated through bremsstrahlung at Ipg. For a uniform single species
Z-pinch the PB current is [12,36]:

81nA)°'5 (Zegr + 1)

IPB - ZIA ( aFB

2.16
Zets (216)

where a=1/137 (Sommerfeld's constant), FB=(2n/27)0'5, Zerf the mean ionization state and I the
Alfvén-Lawson current [36]. The square root ratio considers the cross-sections for the collisions that
are responsible for heating (~8InA) and the energy loss from bremsstrahlung (~aFsg).

Initially during the pinching process, the current is lower than Ipg, the radial growth rate is positive
and the column expands. In this case Ohmic heating dominates, depositing energy in the plasma and
raising the thermal pressure. As the current increases and surpasses Ipp, the radial growth rate
becomes negative indicating a contraction of the plasma. At this point, bremsstrahlung effects
dominate and the plasma cools down, reducing the outward pressure. At the same time, the still rising
current increases the inward JXB force, aiding in the contraction of the plasma. This compression will
abide by the Bennett relation, adjusting the column radius (and therefore density) in order to maintain
the temperature. The constriction will continue until the opacity of the plasma becomes important.
The power emitted by bremsstrahlung radiation is proportional to the square of electron density N’
As the plasma radius becomes smaller, the cooling rate increases, hastening the contraction. This
runaway process is therefore referred to as a radiative collapse and will occur when current exceeds
Ips [12]. The radiative collapse process is also important for the neck formation of m=0 instabilities in
high density Z-pinches and micro Z-pinches formation at the crosspoint area of plasma X-pinches [33].
The former is presented below, while the latter is a topic at the next section 2.2 related to the X-pinch
configuration.

2.1.3 Z-pinch plasma stability

Z pinch are highly MHD unstable. To characterize the instability, the plasma is treated as an electrically
conducting fluid with zero viscosity using an ideal MHD single fluid model. A small radial perturbation
Or is applied to the surface of an initially cylindrical plasma column, changing its distance to the central
z axis. In cylindrical coordinates 6ér is expressed:

Sr = EO (r)ei(kz—wt+m6) (2.17)
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where & is the amplitude of the plasma displacement, k is the wavenumber and m is the azimuthal
mode number of the instability which determines its 6 period [6,12].

The m = 0 and m = 1 instabilities are commonly referred to as the sausage and kink instabilities,
respectively. The m=0 mode consists of a series of necks (constricted regions) and bulges (expanded
regions) along the pinch column, while the m=1 mode is the one where the plasma column is in the
form of a 3D helix or a "snake" 2D shape ( experimental images of figure 2.5 and simulation results of
figure 2.6). Higher m modes do not perturb the column on axis and appear as a twisted multistranded
cable. Figure 2.5 illustrates typical images of the main instability modes taken from Z-pinch
experiments, while figure 2.6 presents 2D and 3D simulation images of m=0 and m=1 helix like
instabilities, pointing local spatial maxima and minima of magnetic and thermal pressure.

The sausage instability exhibits a quasi-periodic structure, in which the ‘necks’ have a smaller radius
than their neighbouring (bulging) regions. In the expanded regions a dispersion of the B-field lines
results in low magnetic field strengths, which coerce an expansion of the plasma. However, at the
small radii the magnetic field is large creating a high PB which serves to compress the plasma further.
As the deformation continues, the magnetic pressures of the bulges and necks decrease and increase
respectively and the increasing disparity of PB accelerates the deformation. The relative high pressure
created at the necks drives an axial flow away from the compressions and into neighbouring regions.
As a result, there is no rise in the internal pressure to counteract the increasing magnetic pressure.
That way, the difference in magnetic pressure causes the increase in growth rate of the surface
perturbations and the unstable behaviour of the plasma [6,12].

The m=0 instability grows as evtand the growth rate y [37] is:

Va B (2.18)

Y=?WithVA=(4T[—p)0'5 (C.g.S)

where R is the column radius, Va is the Alfvén velocity, p the plasma density and B the magnetic field
magnitude.
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Figure 2.5: A time sequence of experimental laser shadowgrams (a to h images) showing the plasma
dynamics and the MHD instabilities' development in Z-pinch plasmas (i.e. m=0, m=1) [7].

Figure 2.6: 2D density simulation images of the m=0 instability (left), at the inner plasma core and
outer corona plasma, and m=1 (helical formation) 3D density isocontour simulation image (right side).
The simulations were performed with code PLUTO for the purposes of this thesis.
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At the m = 1 or kink instability, the plasma column is deviated from the original axis, resulting in 2D
bends or 3D ‘kinks’. Build-up of the magnetic field inside the bends region creates high magnetic
pressure, while the field dispersion on the outside results in regions of low PB and low magnetic
pressure. In response, the plasma moves from the high to low pressure regions, increasing the
amplitude of the perturbations. As the displacement becomes more pronounced, the bends become
sharper and the pressure difference grows, increasing the rate of deformation [12,38].

The study of the seeding mechanisms for the generation of plasma instabilities is of crucial
importance for investigating mitigation strategies of their growth rates. Experimental and numerical
studies, at IPPL facilities provide this interpretation in single Z-pinch metal wires. These studies suggest
that the physical processes that occur during the thermo-elasto-plastic regime of the interaction at the
solid-liquid phase act as seeding for the initiation of plasma instabilities. Experiment and simulation
present a remarkable agreement [5].

The inclusion of the material’s physical properties modifies the electro-thermal instability (ETI) into
an instability, which is called electro-thermo-mechanical (ETM) instability, having growth rates at least
one order of magnitude larger than those found in the literature. Moreover, the ETM instability may
act as seeding mechanism for the helical instability structures observed in pre-magnetized liner
experiments and could lead to the dynamic evolution of the aforementioned instabilities of this section
[4-6].

This section analysis is valid also for the initial conditions' implementations in X-pinch plasma

simulations.
2.2 State of the art of X-pinch plasma configurations

The X-pinch is a plasma device in which plasmas are produced by using two or more thin crossed wires,
in the form of an X [33,39-51]. Ohmic heating causes the wires to explode into a hot, dense plasma.
However, since a plasma is very efficient at carrying a current, the current continues to flow and the
induced magnetic field around the wires acts to confine the plasma. In a two wire X-pinch the current
is divided between the two legs, with the full current only being concentrated at the central crossing
point where the magnetic pressure that confines the plasma has a maximum value. Typically, a small
instability will lead to plasma implosion under the magnetic pressure at the central crossing point,
resulting in an intense burst of X-rays which lasts for only a few nanoseconds. The combination of
radiative cooling and axial mass loss, leads the pinch to collapse rapidly and form the so called micro-z-
pinch creations as well as the density islands [33].

As we already mentioned in the introduction, the major application of the X-pinch is as a bright-
point (small size) source of X-ray radiation for point—projection radiography [33,42-46,51].

Regarding the physical processes that occur in a X-pinch wire configuration, each leg of the X-pinch
experiences a local, self-induced magnetic field (Bioca), While the configuration as a whole is
surrounded by a global magnetic field (Bgiobal) (depiction of these at Chapters 1 and 4 in figures 1.1 and
4.9 respectively). In areas with a dynamically significant Bgjobal, the coronal plasma is accelerated from
the wires by the JxBgiobal force (where J is the current density) towards the vertical axis of the X. The
wire cores ablate, feeding the coronal plasma, contributing to the formation of plasma jets which
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propagate bi-directionally towards the electrodes [39-44,48] (further analysis at the 5.3 relative
section). The crosspoint area is compressed by a significant JxBgiopal force and starts the micro-Z pinch
formation resulting to a bifurcation or neck cascading [45,46,48,52-55]. Almost immediately after the
generation of the X-ray pulse, the neck breaks and a gap forms in which the plasma density is several
orders of magnitude lower than that in the neck. This process leads to the formation of a mini-diode
and the generation of electron and ion beams [41,43,47,48]. The main physical events, along the

spatiotemporal plasma evolution, for a two wire X-pinch, are presented at figure 2.7.
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Figure 2.7: Two wire Molybdenum X-pinch Schlieren image (a) [41], two wire Molybdenum X-pinch X-
ray radiographs images (b,c) [48] and two wire Tungsten X-pinch interferometry image (d) [IPPL
experiment], presenting the main physical X-pinch formations till the mini-diode gap presence.

Analytical presentations of each physical process and the state of the art experimental and
simulation work worldwide about X-pinch configurations, are the main subject of the next sub-
sections.

2.2.1 Initial stage and wire ablation

The initial stage of the X-pinch is determined by two main processes. The first is associated with the
formation and interaction of dense wire cores, while the second determines the paths of the discharge
current through the diode and is associated with the formation of the coronal plasma. During the first
ns, the wire material is heated to high temperature. As a result the resistivity increases [48] and the
current decreases [48,49].

Evidence of non-uniform wire ablation has been seen in wire experiments, including X-pinches
[56,57]. Electrical current passing through the wires, whether fast rising or slow rising, causes Ohmic
heating. A substantial current causes sufficient Ohmic heating to ablate the wire material, creating
coronal plasma around the relatively cold wire core. The wire ablation characteristics in X-pinches vary
from the cross-point towards the electrodes, as the ratio of Global to Local magnetic field changes
[43]. Additionally, the rate of wire core ablation is determined by the Global magnetic field strength
and is thus a strong function of the axial position [33]. The main stages during the ablation phase are
[48]: (i) heating of the wires by the current flowing through them; (ii) partial evaporation of the wire
surfaces and formation of wire cores and conducting plasma channels; (iii) complete evaporation of
the wires in the wire crossing and formation of a plasma load in it.

Experimental study in combination with simulation study, using GORGON code, by G. W. Collins et
al [58], about the behaviour of ablation modulations in X-pinches, was carried out as a function of
distance from the cross-point, and consequently as a function of the Global to Local magnetic field
ratio. This study demonstrates a dependence between the magnetic field ratio and ablation properties,
suggesting a transition to a classical m=0 instability far from the cross-point [41] (picture a in 2.7
figure). The increase in the average wavelength of the ablation flares moving away from the cross-
point indicates that the relative magnetic field strengths play a dynamic role in the ablation structure.
This plasma behavior was confirmed for three metals, W, Ni and Cu. These ablation modulations are
also present at the 5.4 Result section using also GORGON code for a tungsten two wire, sharp angle of
50°, configuration.

The rate at which mass is ablated from the wire cores, for a Z-pinch array, to replenish the corona is
in general well approximated by a rocket model, assuming a fixed velocity of the ablated material [59]:

dm 2 s (2.19)

Vo — =
abl dt CZ'RO

where Vg, is the fixed “ablation” velocity, dm/dt is the mass ablation rate per unit length, I is the drive
current, Ro is the array radius and c the speed of light. This has been observed by both laser imaging
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and radiography at different current levels for many different experiments including X-pinches [60].
Specifically Simon C. Bott et al in [61] investigated the ablation of wires in two-wire tungsten X-pinches
driven by an 80kA current. The applicability of the momentum balance assumed in the rocket model
was also valid in the X-pinch configuration, using a fixed ablation velocity of 150km/s despite the
changing JXBalobal force in these experiments, an average Z.~10, ablation plasma temperature ~15eV
and Rg~1mm.

The neck formation is submitted, generally, to a specific ablation process. In the beginning of this
stage, the wires are melted and heated up to the point where they cease to exhibit metallic
conduction. This results in an electrical explosion of the wires followed by expansion of their material.
At the end of this stage, a micro-Z pinch neck is formed in the wire crossing region due to implosion of
the wire material [54]. The intense ablation rate due to the Bgobal Near the cross-point area forms in
most cases the electrode gap after the X-ray pulse, while the wire cores and surrounding corona
plasma are still present far from the central area (picture d in figure 2.7) [40,41,45].

2.2.2 Coronal plasma dynamics

The formation of the corona plasma is a very early process beginning almost right away from the
current start. Electric breakdown of the evaporated wire material or the gas desorbed as a result of the
wire heating takes place and the plasma corona appears. The current through the load increases
abruptly; however, the current flowing through the wires is shunted by the corona plasma, so energy
release in the wires almost terminates at this early stage [48].

The corona plasma contributes mainly to the wire radial expansion at the first stages of X-pinch
evolution. The streaming plasma converges to form jets on both sides of the cross point. As the
distance from the cross point increases, the coronal plasma's effect of merging becomes less
pronounced. At this time, no compression of the plasma at the cross point is observed, the main
contribution to the jets being the streaming plasma from the wires [42]. Simulations by GORGON code
confirm the aforementioned corona spatiotemporal evolution while a similar 3D spatiotemporal
dynamic evolution is presented and discussed in section 5.3 for a two wire wide angle of 100° X-pinch
configuration.

Some studies on the behaviour of the coronal plasma formed in a 450 kA X-pinch have been carried
out. Mitchell et al [44,47] showed with optical and XUV framing images that the low density coronal
plasma contributes to jet formation. The jets were formed due to sweeping of the coronal plasma to
the mid plane of the X-pinch. In Beg et al [42] X-ray images were recorded with a framing camera
transmitting x-rays above 1 keV. In these experiments, a significant change in the dynamics of the
coronal plasma was observed when the angle of the x-pinch was narrowed from 120° to 81°. The
change in behaviour of the pinch has been attributed to the stronger global magnetic field near the
cross-point, which extends to the electrodes. The central plasma was also observed to be m=1
unstable as soon as it made contact with the electrodes. Kink modulations are also observed in plasma
jets in four different materials by G. S. Jaar and R. K. Appartaim [40] in a microsecond X-pinch through
light-field schlieren imaging and optical framing photograph. These results demonstrate that the
coronal plasma plays a significant role in the X-pinch dynamics, especially in jet and plasma instability
formation and dynamic evolution.
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Experiments using two wire X-pinches from both bare and gold coated molybdenum have been
presented by D. M. Haas et al [41]. The formation of a sheath initially occurred close to the wire cross
point, both as a result of the proximity of the wires to each other, and the increased magnetic field at
smaller radii. This sheath then extended towards the electrodes at ~70km/s, with the anode side of
the cross-point displaying a slightly higher velocity than the cathode side. The high emission regions of
the XUV images corresponded to the coronal plasma, which was forming the sheath, and to the jet
when this was formed. The wire cores, still at their initial position, showed little emission during this
process. This suggested that the drive current flew mainly through the coronal plasma and in the jet as
it was formed. The path of the current moved away from the wire cores and eventually flew through
the formed Z-pinch when the jets reached both electrodes (~40 ns). Similar observations were made
in [62] by showing similar processes for thinner wires (13um here versus 125um in the referenced
work). The current was supported by very low density plasma; Ne<5.5:10"®cm™ since the current path
was not observed on comparable Schlieren imaging. The inward moving current carrying plasma
appeared to show a variation in emission along its length as well as a low amplitude modulation at
later times. These could be due to the MHD (m = 0 and m=1) instabilities which were a result of the
current flowing in the low density plasma, or as an effect of the deceleration of the plasma flow by the
magnetic field [63].

2D simulations were executed to test the empirical law GIP of the mass production rate of cold
plasma, where G is a numerical factor which reflects the material properties and should be found
empirically, I is the current through the wire and p is an adjustable parameter, which was close to 2 (a
similar law of the rocket model presented earlier). Simulation results for various G factors indicated the
sensitivity of the plasma evolution to this parameter. A clear difference in the coronal plasma
formation and dynamics was observed for low versus high G factors [41].

2.2.3 Axial jet formation

Another common feature of X-pinches is the development of plasma columns on the X-pinch axis,
which appear to start at the crossing point and increase in length toward both the anode and the
cathode. The density of the plasma in these columns is considerably lesser than that of the solid core
but similar to that of the limb corona. These columns of plasma have been observed in schlieren,
shadowgraphy, interferometry and soft x-ray pinhole images of X-pinches [39-44,46-49,61,64].

A thorough study by Mitchell et al [44,47] presented a quite revealing spatiotemporal analysis of
the jet columns formation for a two Aluminum wires of 10um at 100kA. It is believed that the plasma
in the column comes from several different sources. One source is a low density, supersonic
component expanding from the limbs which was not detected by the interferometer. The authors
suggested that another component of the plasma may come from the corona plasma in the parts of
the limbs close to the crossing point. This plasma was observed to expand and reach the axis where it
could stream at the sound speed into the low field region. The final source of the column plasma was
the axial expulsion of material from the crossing point due to the pinching process. The initial stages of
jet formation were from the coalescing on the axis of a low density expansion from the corona plasma
of the X-pinch limbs, similar to the formation of the precursor in wire array Z pinches, while at the next
stages the jet was fed from corona plasma from the limbs near the cross-point and material from the
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main cross-point area due to the plasma pinching. This spatiotemporal jet formation is also supported
by the analysis of the simulation results in 5.3 section of this dissertation.

The confinement of the plasma column is also a two process mechanism [44,47,33,64]. The first
collimation process is due the bombardment of the incoming material from the X-pinch legs. Current
flow in the plasma column may also contribute to the observed confinement. The presence of an
azimuthal B field has been shown to be a good confinement mechanism for plasma jets and
simulations of wire array Z pinches have shown that a combination of supersonic bombardment and an
azimuthal B field confines the precursor plasma. However, the increased symmetry in the case of the
wire array Z pinch would make the confinement due to bombardment more effective than in the X
pinch. This two-process mechanism is also simulation supported by this dissertation. Furthermore, it is
supported by the analysis of J. P. Chittenden et al [33] and F. N. Beg et al [42] for 2 wire Molybdenum
X-pinch experiments along with 2D and 3D simulations by GORGON code having a high Mach number
and low divergence which are similar to jets formed in conical wire array Z-pinches.

The jets produced on a microsecond X-pinch have been studied by G. S. Jaar and R. K. Appartaim
[40] through light-field schlieren imaging and optical framing photographs across 4 different materials:
Al, Ti, Mo, and W. The axial velocity of the jets was measured and exhibited no dependence on atomic
number Z of the wire material. There may be a dependence on another factor namely, the current rise
rate and/or the value of the peak current. The average axial jet velocity across all four materials was
measured to be ~29.6km/s. Similar velocities of ~25km/s were measured by Beg et al [42] for
Molybdenum and Aluminum wires for X-pinch discharges driven by a 160 kA/80ns pulse. Supersonic jet
propagation with a velocity of 33+0.6 km/s in low-current X-pinches comprising of four 7.5 um
diameter tungsten wires driven by an 80 kA/50 ns current pulse were presented by D. M. Haas et al.
This is a close estimation of this dissertation's ~39 km/s for two tungsten plasma wires driven by a 45
kA/50 ns current pulse presented in 5.3 section.

The average jet diameter and the average radial jet expansion rate display inverse relationships
with Z, which may be attributed to radiative cooling and inertia. The mean divergence angle of the jet
varies with wire material and is correlated inversely with the thermal conductivity of the cold wire [40].
Asymmetry between the anode and cathode jet behavior is thought to be caused by electron beam
activity and is observed in many different experimental studies and materials [40-42,44,47-49].

A strong radiative cooling rate results to low temperature profile and strong collimation of the main
jet body. The inclusion of thermal conductivity terms and optically thin losses and/or radiation
transport modules support this behavior in a MHD simulation (further analysis in 5.4 section)
[33,39,42,64]. Temperatures of 20eV-30eV were observed in [42], 35ns from the current start, at the
converging streams region while they were decreasing along jet's length due to the radiation losses.
The temperature of the jet above the convergence region was ~6eV, which agreed with the
experiment estimate in [39], 140ns from the current start. The simulated jet Mach number was >20.
The jet is cooler than the surrounding matter, which was >10 eV. This supported the radiative cooling
expected in these jets [39,65]. Temperatures of ~15eV [64], near the cross-point area, along the
symmetry axis of plasma jet, reducing to ~2eV at the jets tip, are estimated 49ns from the current
start, presented at 5.4 and 5.5 sections of this study.
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Kink modulations have been observed in X-pinch jets after making contact with the electrodes,
indicating current flow through them [42]. Also kink modes were experimentally observed at jet
formations as a result of current flowing through the dilute corona plasma and the deceleration of the
plasma flow by the magnetic field as we already mentioned earlier [40,41,63]. The kink modulations
along with the multilayer structure is also present in astrophysical jets [40]. A possible scalability to
astrophysical jets due to the relative Mach number and the hydrodynamic nature of the jets was
mentioned in [39]. The scalability and a thorough relevant astrophysical parameter estimation for a
two tungsten wire X-pinch configuration is discussed at 5.5 section.

2.2.4 Cross-point dynamics

Cross-point dynamics is one of the more interesting physical studies in X-pinch configurations, related
to the production of Hot-Spot(s) (HS), X-ray pulses and electron-ion beams from the formed mini-diode
gap [33,45,46,48,49,53-55].

A general two process evolution of plasma neck formation and implosion was discussed in [54] by V.
I. Oreshkin et al for two or four molybdenum wires of different diameter. The first stage is neck
formation. This stage begins with an electrical explosion of the wires forming the X-pinch and at the
end of the stage, a micro-pinch (neck) is formed in the region where the wires are crossed (pictures a
and b in figure 2.7). The second stage is neck implosion. The implosion is accompanied by outflow of
matter from the neck region, resulting in the formation of a “hot spot” (picture c in figure 2.7).
Analytical estimates obtained in this study indicate that these stages are approximately equal in
duration. The hot spot was formed at the final stage of neck formation, and its axial and radial
dimensions were both much less than the length of the neck [33,48,49,53-55]. The thermo-dynamical
parameters of the hot spot of an X-pinch were determined from its radiative characteristics. The hot
spot was formed under conditions close to Bennett equilibrium [equation 2.15] and a soft x-ray pulse
was generated once almost the whole of the material has flown out from the hot spot. In the
experiment, the pinch mass per unit length at the final stage of implosion made some tenths of one
percent of its initial value. Having analyzed the neck implosion dynamics, they verified a scaling, which
makes it possible to explain the observed dependences of the time of occurrence of an x-ray pulse on
the X-pinch current and mass. They also proposed an experimental-based formula and a theoretical
formula for the micro Z-pinch neck length estimation suggesting that the time of occurrence of an x-
ray pulse in an X-pinch is determined by the neck length.

2 wire Molybdenum X-pinch experiments by J. P. Chittenden et al in [33] also presented simulation
pictures by GORGON code for the structure of the neck formation and evolution just before, during
and just after peak compression (~30ns from the current start) and comparisons of synthetic
radiographs (areal density maps) with experimental data. As time progresses, a longer length of the
wire core ablates and compresses to the axis and this combined with the axial j:Be force serves to
elongate the cylindrical micro-Z pinch that forms at the cross point. The combination of radiative
cooling and axial mass loss means pinch rapidly collapses to small size (as described in 2.1.2
subsection). The mass per unit length of the micro-Z pinch is smallest where the axial j:Bg force is
largest, i.e., at the ends of the Z-pinch and, consequently, in a simulation without any perturbation,
result to two tightly compressing regions at the ends of the micro-Z pinch, with an isolated island of
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plasma at the center. This spatiotemporal behavior of plasma neck is observed in GORGON and PLUTO
simulations of an X-pinch configuration, at 60ns from the current start, resulting to one or two denser
spot formations (possible HS's area) along with the density island at the center, as presented in 5.4
section of this study [66].

The simulations provide quite enlightening information and details for the neck evolution and the
bifurcation or cascading process (picture c in figure 2.7) [33,49,53]. In [33], parts of the micro-Z pinch
have collapsed below the resolution of the 10 um of the simulation's resolution at ~30ns, presenting
an upper limit for the cascading process necks diameters. The evolution of the rest of the X-pinch is
still consistent with experiment. Late in time, the axial Lorentzian force drives a strong shock into the
plasma electrode structures. Since the magnetic field is largest on axis, the center of the electrode
reaches higher velocity than the edges producing a characteristic quasi-spherical shock wave as
observed in experiment. Once the length of the neck region becomes long compared to its radius, both
the thermal pressure forces and the Lorentzian along the central jet axis are large at the ends of the
neck region and negligible at the center. Mass depletion at the center therefore ceases and this region
stops collapsing. The ends of the neck region start to form two identical, smaller, collapsing necks. This
“bifurcation’ or “cascading’’ process of the neck regions continues until 8 or 16 necks are formed,
depending on the resolution [33]. In experiments, such a symmetric perturbation will not occur, so
while this process may explain why multiple x-ray bursts are often observed, the bifurcation process is
unlikely to repeat itself to the extent seen in simulation. 2D simulations with similar observations were
conducted by S. A. Pikuz et al [49] and by G. V. Ivanenkov et al [53] for two Molybdenum X-pinch wires
of 2x20um focusing on the cascading process of neck evolution and HSs formations.

The physical processes occurring in the X-pinch plasma neck and the HSs formation and emittion
were extendedly studied by S. A. Pikuz et al [48,49]. Their X-pinch configuration consisted of two or
four metallic wires of Tungsten, Molybdenum and Aluminum of different diameters. The results of
measurements obtained in experiments with different X-pinches showed that, if one succeeded to fix
the time close to the instant of maximum compression, then the position of the emitting region (HS)
always almost exactly corresponds to the position of the neck with the minimal diameter. It is obvious
that, due to cascading, the HS position almost never corresponds not only to the center of the wire
crossing, but also to the centers of low-order necks. Data on higher order necks (higher than fourth)
are very scarce, because, for them to be observed, it is necessary that parallel X-pinch emission pulses
be separated in time by no more than 100 ps. At the instant of X-ray generation, the well-localized fast
energy release occurs in the HS and the processes in the neck region acquire the character of a point
explosion. Both axial and radial ejections of the neck material are observed in the images, and its
expansion rapidly becomes quasi-spherical (also observed in [33]), causing the generation of shock
waves in the X-pinch plasma. The shock wave and the relevant axial plasma motion can affect the
pinching process in the neighbouring regions of the neck and even completely destroy it. Therefore,
HSs may arise either very close in time (if they are located in the close vicinity of explosion) or
sufficiently far in space (i.e., in regions to which the shock wave propagates over a time longer than the
time during which the maximum compression is reached in them). This explains the characteristic
double macrostructure of the X-pinch HS observed already in the initial stage of experiments. Such a
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double structure corresponds to second-order necks separated by a distance at which their mutual
influence is still insufficient to violate the implosion process [48,49].

The activation of the adaptive mesh refinement (AMR) tool for a fine resolution at the cross-point
area at the 4.3 PLUTO version (or to a next version), including the MHD-PIC related option, could be a
robust simulation scheme for the cascading neck study and the formation of HSs resulting to the
evolution of the electrode gap and the ejection of electron and ion beams.

2.3 Astrophysical entities and laboratory Astrophysics experiments and
corresponding simulations

In the last decades, experiments on pulsed power facilities and high-power lasers have been
conducted aiming at studying astrophysical phenomena in the laboratory. More precisely the study of
magnetically driven jets in conical wire arrays (a modification of the wire array Z-pinch) [67-72], radial
wire arrays and foils (also a modification of wire array Z-pinch and Z-pinch foils) [67,71-74] were
developed over the past two decades. Jets obtained by means of suitable de Laval nozzles propagating
along the longitudinal axis of a modular cylindrical vacuum vessel [75] or by expanding plasma outflow,
generated by ablating plasma from a solid by a high-power laser, were used for scaling experiments for
astrophysical jets originating around Young Stellar Objects (YSOs) [70,76-80]. The similar structure and
Mach numbers among YSOs jets and X-pinch axial jets, were discussed in [39] and [40].

Emerging areas of research have been aimed at producing complex dynamical phenomena, such as
compressible hydrodynamic mixing, hypersonic jets, shock physics, radiation hydrodynamics and
photo-ionized plasmas. These can help to understand the physics of phenomena associated with a
wide range of astrophysical objects, including proto-stellar and Active Galactic Nucleus (AGNs) jets, HH
objects, supernovae explosions and the subsequent generation of remnants and photo-evaporated
molecular clouds. The presentation of these Astrophysical objects is at the 2.3.1 subsection mainly for
the ones that have jet similarities with the appropriate laboratory experiments.

The scaling for physical systems can be described by a small set of partial differential equations. The
central point is the non-dimensionality of the equations, which leads to a minimum set of non-
dimensional parameters of which must all match in order for one system to be the scaled version of
the other. A brief explanation of the parameters for several astronomical environments is presented at
the next subsections. Also, several laboratory environments that may be proposed as scaling
candidates are presented [67,68,72,81].

2.3.1 Presentation of astrophysical objects relevant to laboratory astrophysics studies

Young Stellar Objects (YSOs) are stars in the first phase of their lives, before they enter the main
sequence of the Hertzsprung-Russell diagram and are fed by hydrogen fusion. YSOs are formed by
contraction (and fragmentation) of molecular clouds (schematic presentation in a at figure 2.8). They
are always surrounded by an accretion disk of matter illuminated by the central star (b figure 2.8).

Jets and outflows produced during star-formation are observed on many scales: from the “micro-
jets” which extend over a few hundred Astronomical Units to the “super-jets”, which propagate over
distances of a few parsecs [67]. Protostellar (and galactic jets) are thought to be powered by the
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combination of rotation and magnetic fields, which extract the rotational energy from the accreting
system and create magnetic stresses which accelerate and collimate the flow. Jets associated with low-
luminosity (Lpo < 1O3Lo) YSOs have velocities in the range ~150-400 km's™, large Mach numbers (>20),
and inferred mass outflow rates ~107°-10"" Mgyr . They are collimated on scales of a few tenths of
AU, and exhibit opening angles as small as ~3° to 5° on scales of 10 - 10" AU. High-resolution
observations of optically visible jets from classical T Tauri stars reveal an onion-like morphology, with
the regions closer to the axis having higher velocities and excitations and appearing to be more
collimated.

YSO jets are supersonically ejected into the ambient medium and often show a well collimated
chain of knots detected in several bands, e.g. optical and X-ray bands (pictures b,c and d in figure 2.8)
[82,83]. Proper motions of Herbig—Haro (HH) objects (the brightest shocks within jets) were first
observed decades ago. These observations showed the shocked nature of the bipolar flows, while the
vastly superior spatial resolution provided by the Hubble Space Telescope (HST) made it possible to
clearly resolve cooling zones and individual shocks in each region [83].

YSO jets are detected during the early stages of evolution (class 0 and class 1) and in Classical T Tauri
Stars, when accretion of material onto the central object is still at work, while they are not observed in
more evolved stages when the accretion process is no longer active. YSOs outflow genesis originates
from magneto-centrifugally accelerated disk or stellar winds. Most models envision a centrifugally
driven wind of accreted matter (figure 2.8). What is debated is whether the wind is launched from the
stellar surface or its vicinity by the stellar magnetic field or whether it originates further out in the disk
and involves the interstellar magnetic field [84-86]. The collimation process is more controversial
[76,87].
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Figure 2.8: [a] Disk-jet scenario valid in the formation of stars of all masses. [b] Hubble Space Telescope
image of HH-30 jet (NASA press release of June 6, 1995). An accretion disk observed edge on is seen at
the top of the image as a dark band between its outer parts illuminated by the central star. The young
stellar object is obscured by the densest part of the disk [71]. [c] Colour composite of the brightest
portion of the HH 34 jet. Ha is in green, [S ii] in red, and yellow denotes emission in both filters. The
flow moves from left to right. The bottom of knot F has become nearly pinched off in the last image.
Knots |, J, and K all faded significantly between 1998 and 2007 (third-epoch Hubble Space Telescope
images)[83]. [d] A jet from a young star. The star situated inside the lowest knot (indicated by the
arrow) is obscured by a compact reflection nebula. A knotty structure of the jet is obvious. Visible at the
top of the figure is a bow shock produced by the interaction of the jet with the ambient medium [71].

Numerical and simulation investigation of a two-component outflow were reported by T. Matsakos
et al and O. Tesileanu et al in [88[ and [89] respectively where a central stellar component around the
jet axis was surrounded by an extended disk wind. They stated that the precise contribution of each
component may depend on the intrinsic physical properties of the YSO-disk system as well as its
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evolutionary stage. The analysis of the two-component jet simulations was carried out by the
simulation models of PLUTO code [90,91]. The values for the along the axis density, temperature, and
velocity provided by the simulations were within the typical range of protostellar outflows. They
outlined a well-collimated and knot-structured jet, which was surrounded by a less dense and slower
wind. The jet was found to have a small opening angle and a radius that was also comparable to
observations [89]. A sophisticated cooling function (MINEg cooling module in [91]) incorporated
optically thin energy losses in the dynamics, allowing a self-consistent treatment of the jet evolution.

Axisymmetric resistive magnetohydrodynamic (MHD) simulations for a generalized solution of the
Blandford & Payne type were performed in [92], and compared with the corresponding analytical and
numerical ideal-MHD solutions. They introduced Rg=(B/2)Rm with B the plasma beta and Rn the
magnetic Reynolds number, measuring the importance of the resistive effects in the energy equation.
The presented simulations revealed that for a range of magnetic diffusivities corresponding to Rg 21
the flow remained close to the ideal-MHD self-similar solution. The NIRVANA code was used in these
simulations, while the ideal MHD simulations had also been confirmed (88), by using the PLUTO code.

Conclusions of the aforementioned numerical work summarized that the jet radius, as well as the
opening angle, were also found to be close to typical YSO jets. The dense and hot inner part of the jet
emitted strongly, with the synthetic emission maps showing a well-collimated outflow that closely
resembled real observations.

Other simulation works using advanced Astrophysical codes produced similar results enhancing the
two and three component YSO and AGN jets formation, focusing on the magnetic field contribution
and the radiation energy exchange for the jet's collimation and temperature profile. For example, the
effect of large scale magnetic field on the formation of two-component jets in magnetohydrodynamic
disk winds simulations was presented by Jan Staff et al [93] using the ZeusMP astrophysical code.
Excellent agreement between features seen in the simulations and of Herbig-Haro objects from multi-
epoch Hubble Space Telescope observations was reported by E. C. Hansen et al using AstroBEAR, a
highly parallelized adaptive mesh refinement (AMR) multi-physics code. They concluded that YSO jets
may be dominated by heterogeneous structures such as knots or clamps and that interactions
between these structures and the shocks they produce can account for many details of YSO jet
evolution [94]. FLASH AMR multi-physics code, taking into account thermal conduction and radiative
losses, was also used to analyze the Chandra X-ray telescope observations of HH 154 by investigating
the evolution of its X-ray source [95]. They concluded that the X-ray emission from HH 154 is
consistent with a diamond shock originating from a nozzle through which the jet was launched into the
ambient medium. PLUTO code was also used to study HH 154 jet and the jet associated with DG Tau, a
Class Il disk-bearing source or classical T Tauri star (CTTS) [96]. They performed a set of 2.5D
magnetohydrodynamic numerical simulations that modelled two component supersonic jets ramming
into a magnetized medium. Axisymmetric MHD jet launching was simulated by AMR PLUTO models,
including photoionization and optically thin losses in a recent work also by Z. Ahmane et al. They were
performed to study the effect of X-ray photoionization, coming from the vicinity of the central star, on
the ionization fraction inside the jet that can be advected at large distances [97].

Three dimensional MHD simulations of magnetically driven, radiatively cooled laboratory jets were
and are produced (i.e. in [70-74]) with an outflow structure comprising an expanding magnetic cavity
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which is collimated by the pressure of an extended plasma background medium, and a magnetically
confined jet which develops within the magnetic cavity. “Knotty” jets emerge from the system with
similar morphology observed in many astrophysical jets like the ones we already described. Such
structures are conical wire arrays or radial wire arrays or other laboratory configurations as the ones
we presented earlier. The scaling and similarities of these jets with the astrophysical ones is discussed
at the next two sub-sections [82-106].

2.3.2 Prospects for scaling

The dynamic range of the scaling parameters for the astronomical environments is, much larger than
the range among the available laboratory experiments. A large part of the range covered by the
astronomical environments is inaccessible in the laboratory. This means that the odds of successfully
simulating a given astronomical environment in the laboratory are little. However, the odds of a given
laboratory environment having an analogue in astronomy are much better [81]. In this thesis we will
focus on this analogy.

Other studies also presented the estimation of similar dimensionless values. A. Ciardi presented a
general estimation for YSOs and laboratory experiments [67], while G Revet et al presented these
numbers for the DG Tau A object and its associated HH 158 jet in its launching region and the relevant
experiment of this study [76]. Six dimensionless parameters were presented for stellar jets and the
related values for conical wire arrays of W, Fe and Al, by S. V. Lebedev et al in [68]. Dawei Yuan et al
listed also dimensionless parameters of laboratory jets compared with that of typical HH objects in a
recent study [80]. Table 2.1 presents the typical values of the most important dimensionless
parameters of the aforementioned studies.

Dimensionless YSOs Lab DG TAU Lab Stellar Lab HHs Lab Au
Parameters [ref67] | [ref67] | A/HH 158 | [ref76] jets [ref 68] | [ref 80] jet
[ref 76] [ref 68] [ref 80]
Mach number >>5 5-40 13 3 >10 >20 >5 ~15-20
Re >10° >10" 20 510" - >10" ~10® | ~10%-10°
Rm >10" 10-10° 410" 310° - - - -
Plasma B 102-10%* | 10°-10? - - - - - -
Pe >10’ 50-10* 210" 2 - >10 ~10’ | ~10°*-10*
X <1 10210 - - <1 <1 <1 ~0.2-0.3
Localization <10°® <10* - - - <10™ - -
parameter 6

Table 2.1: Presentation of seven dimensionless parameters for laboratory and astrophysical jets
prepared for the purposes of this thesis. The localization parameter 6=Ang, L/t is the ratio of the mean
free path Ang, L of plasma particles perpendicular to the jet flow to jet radius r;.

A thorough estimation, presentation and scaling estimation of these seven and other dimensionless
parameters for X-pinch plasma tungsten laboratory jets, is presented at the section 5.5 of the Results
Chapter.
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2.3.3 Laboratory-Astrophysics jets experiments and simulations

Collimated outflows (jets) are observed in different types of astrophysical objects, spanning a very
broad range of spatial scales. Some examples include bipolar outflows from galaxies, with typical
lengths of thousands of light-years, to jets from young stellar objects, with characteristic lengths of
hundreds of astronomical units. Astrophysical jets are typically studied with high resolution
observations and computer simulations. Nevertheless, there are still many open questions regarding
their dynamics (i.e. the jet-launching mechanism close to the ejection source), and the mechanisms
which generate and sustain the high degree of collimation in the outflows far from the launching point.

Study of astrophysical phenomena by the means of carefully designed scaled experiments, has seen
major advances in the past years due to the development of High-Energy Density Physics (HEDP)
facilities. One of the applications of this new research area is the study of astrophysical jets from young
stars. Astrophysical jets can be appropriately scaled to laboratory conditions if their dimensionless
parameters are sufficiently similar to those in the laboratory system i.e. Mach, Reynolds, magnetic
Reynolds, Peclet numbers [67,74,76,98] (scaling properties analyzed in the previous subsection).

A recent work by Paul M. Bellan [99] presented experiments and models of MHD jets and their
relevance to astrophysics and solar physics. MHD-driven jets presented different mechanisms
dominating in different parts of the jet. A detailed analysis is the following (ain 2.9 figure):

i.  The jet main column is squeezed by the pinching resulting from the toroidal magnetic field and
is accelerated on axis by the gradient of the axial pressure gradient resulting from the axial
gradient of this squeezing.

ii.  Off axis magnetic forces resulting from the axial gradient of the toroidal field provide axial
acceleration. The jet tip has a retarding force because of the strong curvature of the poloidal
magnetic field at the apex.

iii. This results in an axial non-uniformity of the jet velocity such that the tip velocity moves more
slowly than the fluid behind the tip. The stagnation in the jet frame resulting from this axial
non-uniformity, compresses embedded toroidal magnetic flux, thereby amplifying the frozen-in
toroidal magnetic field and so enhancing the pinching to produce collimation of the jet.

Because the ideal MHD equations have no intrinsic scale, these conclusions can be relevant to solar
and astrophysical plasmas as well as laboratory plasmas [99,100]. Experimental measurements
supported these arguments. S. You et al [100] proposed a universal magnetohydrodynamic pumping
process explaining why such collimated, plasma-filled magnetic-flux tubes are ubiquitous presenting
experimental evidence from carefully diagnosed laboratory simulations of astrophysical jets. They
emphasized that strong flows and collimation could be driven by even modest amounts of current,
before reaching the kink instability (high current) threshold (b in figure 2.9).
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Figure 2.9: Typical laboratory/simulation produced jets scaling YSOs Astrophysical jets. [a] Jet at the
later stage. The stretching of the poloidal field causes the poloidal field to be nearly straight except at
the apex, where it makes a sharp turn-around. This sharp curvature at the top provides a
downwards/retarding force that slows down the jet near its upper tip. The velocity gradient provides an
axial compression in the jet frame of the jet plasma and its embedded toroidal flux. This compression
increases the toroidal flux density, i.e., amplifies the toroidal field. The radially inward curvature and
gradient forces of the amplified toroidal field collimate the jet [99]. [b] Dynamical evolution of
laboratory simulation of astrophysical jet. Magnetic pressure due to toroidal magnetic field inflates
poloidal field resulting in magnetic tower configuration. Collimation results from pileup of frozen-in
toroidal flux near the top. At later stages, the jet undergoes kink instability [100].

Jets produced on the MAGPIE Z-pinch facility [68,72,74] are analysed and presented in [67]. The
experiments demonstrated that magnetic acceleration and collimation, occurring within a framework
of strongly episodic outflow activity, can be effective in producing well-collimated and heterogeneous
jets similar with the ones of Astrophysical cases [67,71,72].

Experiments [68,72] with conical wire arrays using different materials (Al, Fe, and W) presented that
a highly supersonic (Vjet~200km/s and Ms > 20), well-collimated jet was generated when the radiative
cooling rate of the plasma is significant. Higher atomic numbers of the wires' material increased the
plasma cooling rate, lowering its temperature and leading to the formation of more collimated jets
(with higher Mach numbers). Collimation, stability, and jet-cloud interactions were scale similar of
astrophysically stellar jets of YSOs and Planetary Nebulae (PNs).

Jet creation and propagation were presented [80] using a C-shaped target golden/plastic (Au/CH)
foil with diameter of 800 um and thickness of 50 um (a in figure 2.10). FLASH code simulations were
executed, along with the experiments, concluding that both the radiation effect and the surrounding
medium contributed to the jet collimation (b in figure 2.10). These radiative jets can be well-scaled to
the astrophysical jets (their relevant numbers are presented in table 2.1/ref [80]). They concluded that
these well collimated jets could be also applied to the study of other relevant astrophysical events,
such as jet deflection behavior, X-ray emission from the protostellar jet, accretion formation and

accretion shocks formations.
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Figure 2.10: [a] Experimental shadowgraph of the Au-jet generated by Au C-shaped foil at 3 ns. [b]
FLASH code simulated jet evolution presenting the spatial-temporal evolution of the temperature
(upper) and electron density (below) of the Au-jet at 3 ns [80].

The dynamics of curved HH astrophysical jets were investigated presenting simulations of both
laboratory and astrophysical curved jets and results from laboratory experiments [67,72,76,98,101].
Herbig-Haro jets often show some degree of curvature along their path, in many cases produced by
the ram pressure of a side wind. In [98], they presented simulations of both laboratory and
astrophysical curved jets and results from laboratory experiments. The 3D MHD numerical simulations
were performed with GORGON code. The properties and similarities of the laboratory and
astrophysical flows were discussed showing the formation of internal shocks and working surfaces. The
results illustrated how the breakup of the bow shock and clumps in the flow were produced without
invoking jet variability. They also discussed how jet rotation reduced the growth of the Rayleigh-Taylor
instability in curved jets. Moreover, parabolic jet trajectory was discussed in astrophysical models of
jet deflection which gave a relation between the radius of curvature and physical jet and wind variable.
This jet trajectory and dynamic evolution was also captured by the 3D simulations.
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Figure 2.11: [a] Helium jet in Xenon, M =15.3, n = 1.4. Space unit ro = 35.7 mm, time unit T = 230 us.
[b] Helium jet in Xenon, Ms = 10.9, n = 1.2. Space unit ro = 12 mm, time unit t = 69 us. The colored are
the PLUTO simulation photos and the black and white the corresponding experimental [75,105].

M. Belan et al studied the propagation of hypersonic hydrodynamic jets (Ms>5) in a laboratory
vessel designed and built specifically for this purpose. They made comparisons with numerical
simulations by PLUTO code of axially symmetric flows with the same initial and boundary conditions
aiming the Astrophysical study of the YSOs jets (a and b in figure 2.11). The agreement between
experiments and numerical simulations was satisfactory in most of the comparisons. The resulting
scaled flow velocities and elapsed times were close to the ones shown by observations. The
morphologies of the density distributions agreed with the observed ones too. The laboratory and the
simulated hypersonic jets were all pressure-matched. They maintained their collimation for long
distances in terms of the initial jet radii (figure 2.15), without including magnetic confinement effects,
yielding a qualitatively good agreement with the observed YSO jet morphologies.

Observations of collimated supersonic jet propagation in low-current X-pinches is common. D. M.
Haas et al [39] demonstrated that highly supersonic, freely propagating plasma jets can be produced
by a low current 80 kA, 50 ns current pulse from a compact pulser, using a four 7.5 um diameter
tungsten wires configuration. These jets gave an average Mach number of M;~6 and cooling parameter
x~<1, demonstrating a potential scalability to astrophysics. G. S. Jaar and R. K. Appartaim [40]
produced hypersonic jets on a microsecond X-pinch configuration (Ty/4~1ps, dl/dt ~ 0.35 kA/ns)
studying 4 different materials: Al, Ti, Mo, and W. Optical images indicated a two-layer structure in Al
jets, which may be caused by standing shocks, resembling phenomena observed in astrophysical jet
formation and collimation. They observed bright edges with a darker core at these images, which could
be indicative of radiative shock fronts. Astrophysical jets, such as He 3-1475, are thought to be
collimated by a conical shock mechanism, which could be similar to what is observed in the X-pinch
jets [103,106]. Other behaviors of the jets such as bending and kinks, may also be similar to what is
noticed in astrophysical entities. Due to the X-pinch study in this thesis, an astrophysical scaling
estimating all the relevant dimensionless parameters and physical variables, is attempted. Lacking a
more thorough literature study, this attempt is quite enlightening for the jet laboratory scaled creation
and propagation.
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CHAPTER 3

THEORETICAL PHYSICS MODULES STRUCTURAL SYNTHESIS AND
EVALUATION

This chapter is focused on the work of the author in presenting, analyzing and synthesizing the
conservative form of the MHD equations including most of the dissipative terms. It specifically analyzes
the tungsten plasma and the surrounding plasma air, providing state of the art formulas and tabular
data for all the physical variables involved. In most cases, more than one formula is presented,
allowing to compare and evaluate the results for the best suited simulation implementation. The
physics modules that will be discussed, are :

i. EOS for plasma tungsten and thin plasma air.

ii. Radiation transport module.

ili. Module of optically thin losses (a tabular and a mixing function-tabular related data).
iv. Electrical resistivity/conductivity formula (four different approximations).

v. Thermal heat conductivity module (three different approximations).

vi. Viscosity tensor module for unmagnetized/low magnetized to high magnetized plasmas, one
Newtonian fluid based approximation and another magnetically defined, analytical and piece-wise
functions for specific cases.

We will separate this Chapter in two parts. The first (PART |) describes the radiation relevant
module, while the second (PART Il) describes all the relative dissipative terms/effects of the MHD
scheme.

PART I: MHD EQUATIONS AND RADIATION MODULE

3.1 Conservation laws and set of MHD equations

The dynamics of laboratory and astrophysics magnetically confined plasmas can be studied as an one-
fluid model description, the so called Magneto-Hydro-Dynamic (MHD). The MHD equations can be
written in a primitive or in a conservative form. Each presentation has its advantages but here we will
thoroughly discuss the conservative one. The conservation form is expressed as:

ou

En + V- T(U) = S(U) (3.1
where U represents a set of conservative quantities, T(U) is the flux tensor and S(U) defines the
source terms. An equivalent set of primitive variables V is more conveniently used for assigning initial
and boundary conditions in the computational domain when it is needed.

The sets of conservative and primitive variables U and V are given by,
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U = (p' m’ Et’ B )Tl v = (p: ul PI B )T (3.2)

where, p is the material’s density, m is the momentum density with m=pu, E; is the total energy
density, B is the magnetic field, P is the thermal pressure and u the bulk velocity. The total energy
density is:

m? B?

Ei =pe+ Z + > (3.3)
where e is the specific internal energy (erg/gr) and p-e is the density of internal energy. Resistivity,
thermal conductivity, viscosity and other dissipative effects can be implemented as source terms S(U).

The main MHD module including resistivity is of the form:

dp
E+V'(pu)=0 (3.4)
om 1
E+V-[mu+(P+§B2)I—BB]=O (3.5)
OE, 1 ~
E-I_V. (Et+P+§B )u+(u-B)B]——V-[(nD-J)><B] (3.6)
0B
E+V-(uB-Bu)=—V><(nD-J)withJ =VxB (3.7)

where np=(4m)-1c%n is the magnetic diffusivity term in cm?/s, c the speed of light and n the resistivity
term in seconds. A factor of 1/+/4m has been engaged in the magnetic field B [1,2].

Other sources that can be implemented are viscosity and thermal conductivity. The viscous stresses
enter the MHD equations with two parabolic diffusion terms in the momentum and energy equations.
So 3.5 and 3.6 become:

Jdm 1

- . —R2 - =-V-

at+V [mu+(P+zB)I BB]—V Il (3.8)
%+V- (E +P+1B2> + ( -B)B]——V-[(n J)xB]+ V- (u - 1)
ot t ;B Ju+(u = D (3.9)

where II represents the second order viscous tensor with components:

2
(H)ll = ZVSDij + (Vb - §VS> V- usi]- = (H)bl] + (H)Sl] where l,] = 1,2,3

and
(3.10)

ij = hihy \2\ %, T ox, (deformation tensor)

This is the Newtonian approximation and holds for an isotropic viscous stress, giving a symmetric
tensor (I1);. The vs and vy are the shear and bulk parameter of viscosity respectively and are suitable
for the HD case and for low magnetized plasmas. The h; and h; are the geometry elements of the
respective dimension (i.e. hi=h;=1 for the Cartesian geometry). A more thorough study, of the MHD
high and low magnetic field case, is presented at the 3.4.3 subsection.
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Thermal conduction can be added at the energy equation by introducing an additional divergence
flux term:
J0E; 1,
E+V-[<Et+P+EB>u+(u-B)B]=V-Fc (3.11)

(of course if we include resistivity and viscosity the right side terms of 3.9 will be added too). The flux
expression F_ is given by:

Fsat
e
¢ cass Fsat+|Fc1ass| (3.12)
where
B(B - VT) B(B - VT) B

and Fgye = 5¢pcs?

The Fdass and Fsac are the classical and saturated thermal conduction regimes where cs is the
isothermal sound speed, and ¢ is a free parameter, a number of the order of unity (0<@<1) [2,3,4]. The
classical expression is given by 3.13 where the k|| and k- are the thermal conduction coefficients along
and across the magnetic field. The Ky is the component coefficient of the thermal conduction flux
transverse to the plain of B and VT. The last term is sometimes ignored and it will not be discussed at
the thermal conduction, section but only at the Results Chapter, at section 5.4. The saturated
expression is selected by making the flux independent of VT for very large temperature gradients.

The final equation which relates internal energy, thermal pressure, mass density and temperature is
the Equation Of State (EOS) that usually correlates pe and/or P with p and temperature T. That is:

p-e=p-e(p,T) and P=P(p,T) (3.14)

The above system is a closed system of equations which are of the form that PLUTO uses [2]. The
description of the code will be part of the next chapter. The radiation transport and optically thin
losses module along with resistivity, viscosity, thermal conductivity and the appropriate EOS for plasma
tungsten and plasma air will be discussed right away at the next sections.

3.2 Equation of state model (EOS)

The equation of state (EOS) defines matter’s thermodynamic characteristics in a functional form
correlating physical values such as thermal pressure P, mass density p, internal energy E and
temperature T. These correlations can be expressed in graphs, tables or analytic functions [5].

The most common EOS is the thermal ideal gas equation, where the thermal equation between
pressure and temperature is:

P = nKgT (thermal pressure (dyn/cm?)) (3.15)

where P is the thermal pressure, n is the total particle number density , Kg is the Boltzmann constant
and T is the temperature. The internal energy density can be expressed as a function of thermal
pressure:
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P
E=pe= 1 (internal energy density (erg/cm?3)) (3.16)

where I' the ratio of specific heats is considered constant for a calorically ideal gas. In plasma state for
low densities and high temperatures it could be a sufficient model but for other cases (e.g. condensed
matter) the deviations are large and this is an inappropriate description.

A more sophisticated approach is the SESAME EOS that covers all the range of densities, pressure,
internal energy and temperature for a wide range of materials [6]. The Aluminum EOS is shown in
figure 3.1 as an example and is used for the presentation of all different regions of the SESAME EOS .
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Figure 3.1: Aluminum LOS ALAMOS original P-p graph EQOS isotherms [7].The three colour dashed line
identifies the saturation curve, which has a branch—cut extending from the critical temperature to
infinity (red part). Yellow line is the critical isotherm; purple is the cold curve. Region | is supercritical
and to the expanded side of the saturation curve; Region Il is subcritical and to the expanded side of the
saturation curve; Region lll is the coexistence region; Region IV is the subcritical condensed—phase
region; and Region V is supercritical condensed phase.

The analysis from now on is for tungsten, the main plasma material of this work. There is a similar
pressure depiction as a function of density and temperature for tungsten. Its EOS is calculated with the
Thomas-Fermi-Dirac theory for the electrons. A Lennard-Jones tail is used for densities less than pg
(19.2 gr/cm?). The nuclear vibrations contributions are also based on the Dugdale-MacDonald form of
Griineisen-Debye theory, but with a transition to ideal gas at high temperatures [6].

The main part of the modified EOS of this work follow the MGGB version [8]. This approach is an
evolution of the SESAME data, appropriate for problems in dynamics that involve several distinct
materials, separated in space, interacting with material interfaces, which Local Thermodynamic
Equilibrium (LTE) is a good approximation (LTE will be explained at the radiation part section 3.3). This
is the most suitable choice for this study considering the two materials' coexistence in the chamber
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(i.e. metal plasma cable and the surrounding plasma air) including solid, dense matter, gas and plasma
phase, having one ion/atom temperature that is convenient for the one fluid model assumed. Sesame
data for the EOS functions are derived from a Helmholtz free energy expressed as the sum of thermal
(fluctuational) and collisional (condensed—phase) contributions, thus the free energy is of the Mie—
Gruneisen form. The phase—coexistence region is defined using a parameterised saturation curve by
extending the form introduced by Guggenheim, which scales the curve relative to conditions at the
critical point. The zero—temperature condensed—phase contribution is used, which extends the
Thomas—Fermi—Dirac equation to zero pressure. Thus, the functional form of the EOS could be called
MGGB (for Mie—Griineisen—Guggenheim—Barnes). Substance's specific parameters are obtained by
fitting the low—density energy to data from the SESAME library. Thus MGGB can be thought of as a
numerical recipe for rendering the tabular SESAME EOS data in an analytic form which includes a
proper coexistence region, and which permits the accurate calculation of derivatives associated with
compressibility, expansivity, Joule coefficient and specific heat, all of which are required for multifield
applications, avoiding the discontinuities of the original SESAME data (figure 3.2).

In accordance with the adiabatic approximation, where and when functions can be derived, the
Helmholtz free energy of matter depending on mass density p and temperature T is treated as a sum
of ionic F; and electronic F. components:

F(p, T) = F(p) + Fi (p, T) + Fe(p, T) where the F¢(p) is the cold free energy contribution. Units for F are
erg/gr. The basic thermodynamic quantities are:

oF
e=F+TS=F— T(ﬁ)v (specific internal energy(erg/gr)) (3.17)
p
h = e + — (specific enthalpy (erg/gr)) (3.18)
p
OF
P= pz(%)T (pressure (dyn/cm?)) (3.19)
de
Cy = (ﬁ)v (specific heat at constant volume (erg - gr™! - K™1)) (3.20)
oh
Cp = (ﬁ)P (specific heat at constant pressure (erg- gr~1 - K™1)) (3.21)

C
['= C_P (ratio of specific heats) (3.22)

\%

The range of interest in this study is for temperatures in the range from 0.1 eV to a few thousands
eV and densities in the range from a few gr/cm?® to 10°gr/cm?® (for the tungsten plasma of our interest
in this study and the dry air in the chamber). There is an extraction of tabular data from the graphs
used for the runs in PLUTO. The aforementioned graphs are the graphs of figure 3.2. There is a linear
extrapolation fit for densities smaller than 10™ gr/cm?.
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Figure 3.2 Thermal pressure and Internal density energy as a function of density for different
temperatures calculated for use in the modified PLUTO code. Top row: Thermal pressure P isotherms
as a function of p for tungsten and air through the modified SESAME(MGGB) data. Bottom row:
Internal energy density E (or pe) isotherms as a function of p for Tungsten and air through the modified
SESAME (MGGB) data. These are logarithmic curves. The temperatures have a range from 298K to
1.06'10%K for tungsten and 184K to 2.91'10°K for dry air equally spaced in logarithmic scale (logT;.:-
logT;=0.23, T in eV) depicting 24 isotherms.

The smoother transition from low to high densities is obvious for the low temperature isotherms
compared to the original data (figure 3.1). Also there are no discontinuities avoiding jump conditions
and infinities at derivatives.

3.3 Radiation module

Radiative emission and transport play a crucial role in the dynamics' evolution and correct physics
behaviour of many high-energy-density laboratory plasma experiments. The optically thin radiative
losses and radiation transport phenomena should be considered just to have better plasma description
for the thinner corona and denser core interaction evolving in the very thin low density background
(e.g. plasma air) [9].

The most common computational study is of the Local Thermodynamic Equilibrium (LTE). When this
is true at a given point in the plasma, the plasma conditions can be described by a single temperature
(T=Telectron=Tradiation=Tion). The rate at which atomic process occurs is exactly balanced by the rate of its
inverse process (this condition simplifies the physics model in relation to Non-LTE (NLTE) and introduce
a much faster simulation run time). The energy distribution of the free electrons in the plasma is
described by a Maxwellian distribution and the radiation field is described by a Planck function at the
same temperature.
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On the contrary, Non Local Thermodynamic Equilibrium cases (NLTE) are changing so rapidly that
electron and/or photon energy distributions do not reach thermal equilibrium (i.e. Maxwellian or
Planckian is not valid, lasers emittion, Telectron # Tradiation, €tc). This is the case for many laboratory
plasmas, especially fusion related plasma simulations [10]. Also, for these cases, optically thin radiation
energy can escape and is not available to provide LTE balance among the fundamental atomic
processes. If an NLTE study is necessary, a model that contains all the relevant fundamental atomic
physics data should be considered (energy levels, radiative rates, collisional rates, etc). NLTE
calculations can take as much as 3-4 orders of magnitude more computational time than LTE
calculations and are more delicate at computational discrepancies and divergence behaviour, thus
making it time demanding, in order to take in consideration all the physical phenomena of interest
[11]. There is no strict separation which case is better for every problem. The advantages and
disadvantages should be considered, evaluating and validating the computational results with
literature and experiment [9-12].

The implemented radiation module, compatible with the PLUTO code will be analysed in the next
two subsections, in which the LTE case is considered.

3.3.1 Optically thin losses

Radiative losses is an important energy loss mechanism of plasmas, containing medium to high Z
elements and it is critical to quantify the total energy balance of plasma and consequently
temperature predictions [9]. Screened Hydrogenic Level (SH) models provide a quick and reasonable
estimate for radiative loss rates when a model of detailed atomic structure is difficult to build. This is
an approach adopted from the FLYCHK code [13] and the relevant formulas of PLASMA FORMULARY
[14]. The optically thin radiative losses give an extra differential equation in the system, correlating the
internal energy density rate with the electron and ion density. It can be equivalently built in equation
3.9 as an extra dissipative sunk term. This rate is essentially a proportional function of electron and ion
density product (equations 3.23 and 3.26). The crucial part is the "correct" knowledge of the
multiplication variable A as a function of plasma density and temperature. The presentation below
gives an estimation of this factor through two different approaches. The first one is tabulated using the
FLYCHK [13] code and the second is mainly functional using the Bremsstrahlung and recombination
electron contribution and separately for Z.i the FLYCHK data and the estimation of an average
Thomas-Fermi model [14].

3.3.1.1 Tabulated Optically thin losses using FLYCHK code

Time-dependent optically thin radiative losses are taken into account by:
dpe

where A(T,p) is the radiative cooling coefficient, calculated by tabulated data from the FLYCHK code,

with Nj the ion density, m; the ion mass. For the relation of the electron and ion plasma density it holds
that:
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N; = pm; " and Ng = Zeg(p, TIN; = Zegpm; * (3.24)

where Zefr is the effective ionization charge state calculated through tabulated data from the FLYCHK
code and in this case is a function of electron density and temperature [13]. The code takes into
account the free-free (Bremsstrahlung), free-bound (recombination) and bound-bound radiation
contribution [15]. The tabulated data for A and Z.g are presented in figure 3.3. The code plots
isodensities of energy rate per ion (second row) and Z.g (first row) as a function of electron
temperature. The range for densities is, 10™2e'cm><N.<10**ecm™ and for temperatures, 0.5eV<T,
<10’eV. The A coefficient then can be estimated by the ratio of energy per ion rate and electron
density Ne, both originating from the code data. Thus, the result is energy rate per ion, per electron,
times unit volume, as can be expected for the A coefficient in 3.23.
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Figure 3.3: Radiative cooling coefficient A and Ze.iras a function of temperature for different electron
densities for the tungsten and for the main component of the air, nitrogen calculated using FLYCHK
code. The electron densities have a range from 10™e/cm® to 10*’e/cm® and the temperatures from
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0.5eV to 10°eV. The second row depicts the energy rate per ion from the original FLYCHK data. The third
row depicts the A coefficient of 3.23. The first row uses semi logarithmic axes, while the rest are
logarithmic. The legend column replies to all graphs [13-15].

This approach has the advantage of a more realistic fitting than using analytic functions, taking into
account a big range of temperature and electron densities. But at the same time it holds only for one
metal material and has to be extracted from FLYCHK data separately for another plasma material. This
is for computational implementation, a demanding task (doable nevertheless!).

Using the expression of 3.23 and the data from figure 3.3 we derive figure 3.4 for the radiation
emission energy density rate.
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Figure 3.4: Radiation energy density rate for optically thin cooling plasma tungsten and nitrogen. The
temperature and electron density range are the same as those depicted at figure 3.3.

The estimation of the optically thin radiative losses of plasma tungsten in figure 3.4 is evaluated for
the region of low density plasmas and high temperatures through literature [16,17] . More specifically
the radiation rates and charge states of atoms in the high-temperatures range 2eV< T. <10°eV and
low-density plasmas with Ne<10®e'cm?, is estimated by D. E. Post et al [17], using the equation 3.23
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for elements with Z>26. Also T. Pitterich et al [16], in a recent work, calculates and compares with the
experiment, the cooling factor of tungsten for N.~10“e'cm™ and for temperatures in the range
30eV<T.<40000eV. The comparison is presented in table 3.1.

T(eV) A(FLYCHK)(c.g.s) A(T. Putterich et al.) (c.g.s) A(Post et al.) (c.g.s)
[10™<Ne (e/cm?)< 10 [Ne (e/cm?)~ 10 [Ne (e/cm?)<10'®]
50 9.88'10™" 2.55108 B

100 2.751018 1.67°10 ~3.010*®
200 4.87-10%(for 235eV) 1.6510% ~1.610"%
1000 3.48'10"8 421108 ~6.0'10%
3000 2.04'10"8 2.28'10"® ~1.910"®
10000 9.7710"% 1.33'10* ~1.010"®
20000 6.4410™"° 7.30110"° ~5.410™"
40000 49510 ~4.610™"
70000 | 5.21'10*°(for 50000eV) ~ ~4.310™"
100000 5.58'10™" _ ~4.810™"

Table 3.1: Comparison of FLYCHK tabular data to the ones of Plitterich et al and Post et al for densities
up to 10™ecm™ and temperatures from 50eV to 10°eV. The values of FLYCHK code are average
estimations for electron densities 10%%ecm’ up to 10™e'cm™ [16,17].

There is a quite good agreement of the three approaches especially for temperatures higher than
100eV. The deviations at this region are up to 50% (except for the 235 eV temperature in FLYCHK,
developing a value overestimation of A relative to the other two while for the 100eV Piitterich et al
presents a pretty smaller estimation relative to FLYCHK and Post et al. This is an indication that FLYCHK
is in good agreement with other codes and experimental data at intermediate temperatures and very
thin plasma regions. It is also mentioned at the web page of the FLYCHK code that for very low N,
FLYCHK may underestimate the radiative loss rates for near-neutral plasmas due to lack of An=0
transitions (n is the principal quantum number) but for highly ionized plasmas and intermediate
electron densities introduces better results [13,15]. For our case, a satisfactory agreement, at low
densities, medium ionized tungsten plasma and intermediate to high temperatures, is confirmed.

3.3.1.2 Analytical function of Optically thin losses

Taking into account the free-free (Bremsstrahlung from hydrogen-like plasma) and free-bound
(recombination) contribution to the optically thin radiation energy density rate, we obtain the
following formula[14]:

Z-1

dpe Eo
% =—1.69-10725 NeTe°-5Z 72 N;(Z) (1 + > (cgs) (3.25)
e

The temperature and Ew are in eV and all other variables in cgs units. Z is the charge state (Z = 0
refers to a neutral atom), the sum is over all ionization states Z and EZ1is the ionization energy of the
recombined state.
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If we want to simplify this formula avoiding the fractional abundances of the ionization stages, we
can use Zes again, limiting the sum just to one term:
ape Z-1

Eo
—— = —1.69- 10725 N T " Zegt®N; [ 1 + (cgs) (3.26)
ot Te

The first term is the Bremsstrahlung contribution and the second the recombination density energy
rate. Bremsstrahlung radiation will only dominate at very high temperatures and once the ion is fully
ionized. There are graphic depictions of equation 3.26 in figures 3.5 and 3.6 with and without the
Bremsstrahlung term investigating the latter allegation. The mean ionization state will be implemented
with two different data formats. The first is the tabulated FLYCHK data estimation of the figure 3.3. The
second is an estimation from an average ion Thomas-Fermi model [18]. The ionization energies E., for
plasma tungsten are the ones of P. Beiersdorfer et al [19]. Another more thorough estimation is from
Alexander E. Kramida et al presenting similar values [20].

Finally a comparison will take place with the first graph of figure 3.4 for the tungsten plasma.

A. The mean ionization state from the FLYCHK data

For this case, we use equation 3.26, where Z. originates from the FLYCHK data of 3.3 figure.
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Figure 3.5: Radiation energy density rate for optically thin cooling plasma tungsten calculated for the
purpose of this thesis using the FLYCHK code. The temperature and electron density range are the same
of the 3.3 figure and Z.sis implemented from the FLYCHK tabular data. The top graph depicts the free-
bound contribution, while the bottom the sum of the free-bound and the free-free (Bremsstrahlung)
radiation power density loss.

As mentioned earlier, the free-free contribution produces a small rise of energy rate especially at
the high temperature region. Furthermore, it has non zero values at ionization states lower than unity
in contradiction to the free-bound term, due to the zero value ionization energies E..21.
Nevertheless, the significant observation is the three or four orders (or more) of magnitude
underestimation of the energy rate for the low density and low temperature region in comparison with
the one in figure 3.4. For high temperatures and densities the disagreement is lower. This comparison
confirms the observation by T. Pltterich et al [16], which calculates the line emission contribution by
two orders of magnitude higher than the other two for the electron density of ~10'> e/cm?>. This is
crucial if someone wants to use formula 3.26 for the thin radiation losses. Last but not least, a correction
factor should be considered for the simulation runs, in order to match the lack of the bound-bound
contribution.

B. The mean ionization state from the Thomas-Fermi model

The Thomas-Fermi estimation for the ionization level is obtained by an expression [18] which is a
function of mass density and plasma temperature, fitted to the numerical solution of:

Z

y
=7.
eff L+y+ /1ty (3.27)

The y function and all the related constants and other functions are shown in Table3.2

R=p:(ZA)(gr-cm3)(Z=74& A=183.84 for W) | a= 14.3139
To=T-Z-4/3 (eV) b= 0.6624
Tr=To(14T,)! c1=-0.366667
A= a1Ts2%2+ a3T2* c2=0.983333
B=-exp(bo+b1Ts+b2Ts?) b,=-1.7630
C=c1Ts+ c2 b1=1.43175
Q:=ARB b= 0.315463
Q=(R¢+ Q:©1/C a1=0.003323
y=a-Qb a;=0.971832
a3=9.26148105
a4=3.10165

Table 3.2: The equation and constant set for the estimation of the mean ionization state from 3.27 ,of
any one material plasma with atomic number Z and atomic weight A, as a function of mass density and
temperature.

The mean ionization state calculated from equation 3.27 has the advantage that uses only analytic
functions correlating solely with plasma temperature and mass density, using some global constants
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and factors. It is a general approach for the ionization of every plasma with known atomic number Z
and atomic weight A. As a result, there is no need for the separate knowledge of the Zesr =Zetr(p,T)
through tabular data for each different plasma material and the implementation in any code could be
global and easier. The depiction of Zes along with the two energy rate losses as a function of
temperature is presented in figure 3.6.

To compare the two different approaches, the same values of mass density and temperature range
should be considered in the FLYCHK code. Consequently the mass density values originate from formula
3.24 using the same data for the Thomas-Fermi model, correlating these values also with the tabular
plasma temperature values that FLYCHK gives (figure 3.3). Hence, the electron density is 10*%e'cm’
3<Ne<10**e'cm™ and the temperature 0.5eV<T<10%eV.
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Figure 3.6: Radiation energy density rate for optically thin cooling plasma tungsten. The temperature

and mass density range are the same of figure 3.3 and Zis calculated from an average Thomas-Fermi
model. The top graph depicts the Z.; , the second the energy density rate from the free-bound
contribution, while the bottom the sum of the free-bound (recombination) and the free-free

(Bremsstrahlung) radiation power density loss.

Some observations for the values of Z¢ss from these two different estimations:

The FLYCHK data (figure 3.3) present a density dependent value at low temperatures with high
densities, having Z.fr values different than the lower ones. This is absent in the Thomas-Fermi
model that gives almost identical values between 1 eV and 100eV for all densities. An exception
is observed at the high densities of 10%-10%* e'cm™® that have mean ionization states, between
0.5eV and 1eV, higher than those of bigger temperatures (especially the 10** ecm™ that has a 9
value ionization at 0.5 eV).

The Thomas-Fermi model has an abrupt rise of the mean ionization for temperatures 100eV<
T<10000 eV, while the FLYCHK model presents a smoother rise from 10 eV to 100000eV.

The higher ionization state is 70 for the FLYCHK approach, while the Thomas-Fermi model is
fully ionized, for all plasma densities, for temperatures higher than ~10000eV.

Now we can understand the importance of the bound-bound transitions for the radiation energy

rates. Some last observations are:

Vi.

The correction factor is necessary, especially for low and medium temperatures, for ff and fb
expressions if anyone wants to have thin radiation losses of the correct order of magnitude.

The free-free radiation is important at high temperatures but also gives non-zero values to the
ff-fb contribution at low temperatures (~0.5eV to ~5eV) for all isodensities curves (figures 3.5
and 3.6).

There is no significant difference between the power densities shown in figures 3.6 and 3.5
when the fb rate is taken into account. But when the ff contribution is added, the Thomas-
Fermi model estimates higher rates and of the same form of the FLYCHK data in figure 3.4
which lucks in the figure 3.5.

The differences with FLYCHK data at low temperatures and high densities are much smaller for
the ff-fb Thomas-Fermi model than the ff-fb FLYCHK one.

Both models with the ff-fb rates underestimate the radiation losses by some (or many) orders
of magnitude at lower temperatures.

All energy isodensities at high temperatures (>10° eV) are of the same order of magnitude for

all estimations.

3.3.2 Radiation transport module

Radiation transport redistributes energy within a medium through the emission and reabsorption of

photons. These are quantum phenomena which need to be modelled [9]. One can simplify this

modelling by averaging at all frequencies taking the mean opacities at the equations. The matching of

the MHD equations and the radiation transport module can be accomplished then by adding extra

source terms at the 3.5 and 3.6 equations. These are transformed to equations 3.28 and 3.29 adding
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an extra equation including the radiation flux and the heating cooling term in parenthesis at the right
hand side of 3.30.

om 1 5
E+V-[mu+(P+EB )l—BB]=parad (3.28)
9E, 1, ,
SV [(Et +P+3B )u +(u- B)B] — — V- [(np - )xB]+pu - apaq—kppc(agT* — Eraq)  (3.29)
E
art‘ad +V-F= kaC(aRT4 - Erad) (3'30)

The Eraq is the radiation density energy and F denotes the radiation flux [21]. All equations are
solved in the co-moving frame in the frequency independent (grey) approximation. In general, it is
necessary to solve the equations for each frequency which appears in the physical problem. However,
this makes the problem more complicated and computational demanding. So the grey approximation
in which all radiative quantities, including the opacities, are integrated over all frequencies, simplifies
it. All the scattering phenomena are not accounted for directly, but are included at the constants ag, kp
and Kgr, which are the radiation constant , Planck mean opacity and Rosseland mean opacity
respectively (a more thorough explanation after equation 3.33). Specifically the radiation constant is:

8T[5 kB4

AR = e T 7.56 - 10~ Serg- cm3K™* (3.31)

The plasma fluid is influenced by the radiation in two different ways. First, the radiation may be
absorbed or emitted by the fluid leading to variation of its energy density. This variation is given by the
parenthesis expression at equations 3.29 and 3.30. The second effect is that of radiation pressure
acceleration, arag, introduced in the momentum and energy equations. This acceleration is given by the
radiation flux through the following expression:

k
p 3.32
drad = TF ( )

where F denotes the radiative flux, k, the Planck mean opacity and c the speed of light.
The radiation flux is given by a diffusion approximation:
C
kp-p

where Eaq is the radiation energy density and kr the Rosseland mean opacity. The flux-limiter A

F=-\ VE,aq (333)

describes approximately the transition from very optically thick to optically thin regimes [21].

The two opacities are given in cm?/gr. They are calculated via the frequency dependent ky. The
opacity k, describes the coupling between matter and radiation via electron-photon interactions. It is
composed of various contributions summarized as ky = kgg+ Kpr+Krr+Kscar , meaning the sum of
bound-bound(BB), bound-free(BF), free—free(FF) and scattering(SCAT) contributions. It is a
macroscopic quantity built up from fundamental cross-sections. The mean (gray) opacity represents, in
a single number, the tendency of a material (at a specific p and T) to absorb/scatter radiation of all
frequencies. This is a big advantage in practice, avoiding monochromatic opacities that are not
commonly used in radiation transport calculations because they are too computational expensive [22].
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The Rosseland and Planck mean opacities are density and temperature dependent. The Rosseland
mean opacity yields the correct value for the integrated energy flux for an optically thick plasma while
the Planck mean opacity for the optically thin. Planck opacity uses the normalized Planck black body
radiation energy density distribution,

2hv? kg*

(3.34)
15c¢2(ehv/keT — 1)

B,(T) =

as a weighting function and averages k, directly, where k, is the frequency-dependent opacity and o is
the Stephan-Boltzmann constant

_Jy kB,(Ddv
 Jy B, (Ddv)  oT*

(3.35)

P f k, B,(T)dv
0

Rosseland opacity, uses a temperature derivative of the Planck distribution as the weighting function,

and averages k, :

w. _10B
1_f0 k,™* e dv

kR fo‘” aa?v dv

(3.36)

For dry air the two opacities are calculated from TOPS Opacities webpage [23]. The tabular data are
implemented in the code and the following 2-D graphs are produced (figure 3.7).

For temperatures in the range of 30 eV < T < 1.0 keV and densities in the range of 0.1 gr/cm< p
<10.0 g/cm?, the two opacities for the tungsten are calculated using an exponential fit as presented in
Equation 3.37, with T in keV and p in grem™ [24]:

0.199 0.005

p . 3.37
kp = 646.4 s (cm?gr™)),  ky = 244.12 (3.37)

T1.119 (cm?gr™)

For temperatures lower than 30 eV both opacities follow a-T-* behaviour providing a good
approximation, if we use 3.37. For lower densities (p<0.1 gr/cm®) and temperatures T<100eV, the
opacities follow a similar behaviour according to the above expressions. All the physical quantities are
in CGS units.

This analysis presents a global radiation energy exchange for thinner and thicker plasma regions for
a wide range of densities and temperatures. For the dissipative source variables and for a wide range
of mass density and temperature values there will be a presentation in section PART Il section.
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Figure 3.7: The two opacities of dry air as a function of mass density and temperature calculated from
the from TOPS Opacities webpage. The mixture is composed of 78% Nitrogen and 22% Oxygen. The
temperatures are from 0.5eV to 10%eV and the densities from 10°gr/cm’ to 10gr/cm® having 12
isotherms depicted [23].
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CHAPTER 3

PART IlI: DISSIPATIVE EFFECTS

3.4 Analysis of MHD (one fluid temperature model)

In the second part of this chapter, we introduce an appropriate plasma resistivity-/conductivity,
thermal conductivity and viscosity MHD implementation, aiming for a global description of tungsten's
plasma dissipative terms, for every density and temperature, including solid-liquid material at low
temperatures and/or higher densities of condensed matter (dense/overdense region). The aim is to
take in consideration the early plasma stages of solid/nearly solid densities ("cold" start conditions)
and low temperatures of plasma, to the situations of condensed matter and high temperature plasma
phases. Having in mind the separation regimes of the SESAME/MGGB data (figure 3.1), we present the
following analysis, novel synthetic formula construction, graphic depiction and evaluation through
experimental/semiempirical data.

3.4.1 Electrical Resistivity/Conductivity

Electrical resistivity/conductivity is one of the most crucial physical variables for the MHD equations
and the most important diffusive term. Estimation of the resistivity/conductivity function (n/o) will be
presented using four different approaches.

The first one is a more thorough piecewise function equation valid for all densities of tungsten
plasma from the solid and early liquid phase to the very thin plasma region and temperatures from
very low, solid-liquid phase and early plasma formation, to very high values. Even for higher than solid
densities, a fixed value or a linear/parabolic fitting is proposed.

The second method is a simpler direct approach of one function using low plasma background
density (plasma air) as a parametric value fitting.

The third one is based on a linear mixture conductivity formula. It incorporates one electron-ion
term and one neutral-ion term using the non-ideal Saha equation. It also introduces a better
estimation of the Coulomb logarithm giving a smoother profile at the warm dense and overdense
matter region for temperatures up to 10°K.

The fourth method is a Braginskii like, magnetically dependent conductivity, including the non-ideal
Saha equation, considering also the anomalous collision frequency term.

3.4.1.1 Piecewise function of electrical resistivity/conductivity of solid/liquid and
tungsten plasma

The plasma conductivity is a strong function of the density and, at a high density, is almost-
independent of temperature. As the density falls, the effect of temperature is more apparent. At lower
temperatures, the conductivity falls to a minimum at a few percent of solid density, then rises with
further decrease in density, eventually approaching the Spitzer conductivity which is valid for dilute
plasmas [25]. Efforts of combining experimental data and theoretical work according to Spitzer based,
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Lee-More, linear mixture atom-ion and electron density models, valid for specific density matter
regimes have already been presented in the literature [25-33].

This study will introduce a general estimation of the conductivity/resistivity of a tungsten plasma
resulting to a global fit for a wide range of densities and temperatures. Specifically, the value range for
temperature is 0.01eV<T<165eV, for the mass density 10-11gr/cm3<p<102gr/cm3 and for the
electron density 1012e/cm3<Ne<1024¢/cm3. There will be a polynomial fitting and graphic
presentation for several different solid/liquid/plasma temperatures at specific ranges of mass density.
According to this we have:

i. A thorough examination by P. Tolias et al, of the W electrical resistivity, presents a very good
polynomial fitting for low solid/liquid tungsten temperatures. The White—Minges fit for solid Tungsten
in the temperature range 100<T(K)<3695 and the Seydel-Fucke fit for liquid phase. The first one is:

n=-1075-10"1% + 2.141 - 1072°T + 8.688 - 10~ 24T? — 2.055 - 10727T3 + 2.310
+10731T4 (c.g. s units)

while the Seydel—Fucke fit in the temperature range 3695K<T(K)<6000K for all liquid densities (13.75
gr/cm®<p;i<16.36 gr/cm?) is

n= 15-10"7 — 2.0 - 1021(T — T,) + 5.0 - 10723(T — T,)? (c.g. s units) (3.38)
where T, is the melting temperature (3695K) and n electrical resistivity in seconds.
Another option is the Wilthan—Cagran—Pottlacher fit where:
n= 25.7-10"17 — 5.1-1072°T + 6.3 - 10724T2 (c. g. s units) (3.39)

and gives similar results as Seydel-Fucke [26]. A constant estimation for the liquid phase is given by
R.S.Hixson and M.A.Winkler [27]:

n= 1.62-10"1%s (3.40)
and is in good average agreement with the results from the previous polynomials.

ii. A polynomial fit is used for the electrical conductivity fitting, extrapolating data from A.W. DeSilva
and J.D.Katsouros [25], for densities 10°gr/cm3<p<10gr/cm® and for temperatures 6000K<T<10000K.
For T=6000K the polynomial fit is:

logo = 0.4795 - x? + 1.9217 - x + 14.343, x = logp (c. g.s units) (3.41)
For T=8000K the polynomial fit is:

logo = 0.3904 - x* 4+ 1.497 - x + 14.461 (c.g.s units) (3.42)
The polynomial fit for T=10000K is:

logo = 0.3339 - x% 4+ 1.2584 - x + 14.593 (c. g. s units) (3.43)
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However, another option for T=10000K is the prediction made by Kuhlbrodt et al. with COMPTRA04
[28].The polynomial fit is:

logo = 0.5127 - x? + 1.3346 - x + 13.965 (c.g. s units) (3.44)

There will be no graph presentation here due to the later modified fitting at these temperatures
and a thorough graphic presentation (figures 3.15-3.17).
A combination of the theoretical data from A. W. DeSilva and J. D. Katsouros [25], with the ones from
COMPTRAO4 [28], experimental data from D. Sheftman and Y.E.Krasik [29] and A. D. Rakhel et.al [30],
gives the data curve below for T=10000K.

The density range is 10°gr/cm®<p<19.3gr/cm>. The polynomial fit is:

logo = 0.3799 - x? + 1.1235 - x + 13.96 (c. g. s units) (3.45)
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Figure 3.8: The combination blue curve and the fitting polynomial one at 10000K for the conductivity
and for densities 10°gr/cm><p<19.3gr/cm’.

For T=30000K experimental data from D.Sheftman and Y.E.Krasik [29], for densities 0.81
gr/cm’<p<19.3 gr/cm?, form the bottom data curve. A data merging with the ones of 10000K for lower
densities is considered:

logo = 0.144 -x% + 0.9192 - x + 14.582 (c. g. s units) (3.46)
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Figure 3.9: The polynomial fitting of conductivity is the red curve and the deep blue the experiment. The
temperature is 30000K for densities 10°gr/cm®<p<19.3gr/cm’.

A combination fitting for T=30000K from D. Sheftman and Y. E. Krasik [29], A. W. DeSilva and
Rakhel [33], A. D. Rakhel et.al [30] for densities 0.02gr/cm><p<19.3gr/cm? gives the curve below. The
polynomial is:

logo = 0.347 -x? + 0.8577 - X + 14.413 (c.g. s units) (3.47)
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Figure 3.10: The combination blue curve and the fitting polynomial one at 30000K for the conductivity and for
densities 0.02 gr/cm’<p<19.3 gr/cm’.

For T=50000K experimental data from D.Sheftman and Y.E.Krasik [29] and densities
0.51gr/cm?<p<19.3gr/cm?, form the following data curve. A data merging with the ones of 10000K for
near metal densities is considered. The polynomial fitting is the linear green curve:

logo = 0.7513 - x + 14.958 (c. g. s units) (3.48)
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Figure 3.11: The polynomial fitting linear green curve and the experimental one at 50000K for the
conductivity and for densities 0.51 gr/cm><p<19.3 gr/cm”.

For T=50000K merging data from D.Sheftman and Y.E.Krasik [29] and A.D. Rakhel et.al [30] and
densities 0.51gr/cm3<p<19.3gr/cm?, give the bottom data curve. The polynomial is:

logo = 0.2101 -x? + 0.5028 - x + 14.904 (c. g. s units) (3.49)
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Figure 3.12: The combination purple curve and the fitting yellow polynomial one at 50000K for the
conductivity and for densities 0.51 gr/cm><p<19.3 gr/cm’.

For T=70000K experimental data from D.Sheftman and VY.E.Krasik [29] and densities
0.51gr/cm?<p<19.3gr/cm?, give the bottom data curve. The polynomial fitting is:

. (3.50)
logo = 0.6275 - x + 15.119 (c. g. s units)
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Figure 3.13: The experimental near linear green curve and the linear fitting polynomial one at 70000K
for the conductivity and for densities 0.51 gr/cm’<p<19.3 gr/cm”.

For T=90000K, experimental data from D.Sheftman and VY.E.Krasik [29] and densities
0.51gr/cm3<p<19.3gr/cm?, form the bottom data curve. A data merging with the ones of 10000K for
near metal densities is considered. The polynomial fitting is:

logo = 0.5278 - x + 15.232 (c. g. s units) (3.51)
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Figure 3.14: The experimental near linear blue curve and the linear brown fitting polynomial one at
90000K for the conductivity and for densities 0.51gr/cm><p<19.3gr/cm>.

Some observations for the above resistivities (conductivities):

i.  the resistivity of liquid tungsten weakly depends on temperature and has a very slow decrease
right after the melting point followed by an increase again at a much slower rate than the solid
state increase [25].

ii. a plasma-like dependence of the electrical resistivity of expanded tungsten on temperature
takes place at a density which is 8—16 times lower than the standard solid density [30].
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iii.  For plasma densities near and above metal tungsten the dependence on the temperature is
very weak [25,27,30].

iv.  If the plasma density is smaller than 10°gr/cm?, the conductivity rises with the decreasing of
density and approaches Spitzer's formula for all temperatures above 6000K.

v.  The fitting for specific high temperatures (e.g. 30000K) is repeated at different density areas
and is merged to the data of lower temperatures at lower densities (e.g. 10gr/cm?<p<0.5
gr/cm?) trying to accomplish a fitting for all densities at each temperature where Spitzer's
formula is inaccurate.

iii. The Spitzer's resistivity/conductivity is given by:
1.5

! 6.96 - 107 Te 1/
. = — = 0. . _— S
GSpltzer 1 ZefflnA ( )

(3.52)

.

where the electron temperature Te is in K and Zef is given from the graph in figure 3.3 [14]. This
equation is valid for low densities (p<10>gr/cm®) for all plasma temperatures above 6000K. The
original Coulomb's logarithm for electron-electron collision is:

InA = 23.5 — In (T *?°N,%) (3.53)

for all temperatures (in eV) and densities (in cm™) [14]. For high electron densities this gives negative
values, so a cut-off value can be used (e.g. InA=0.5). The Z.f ionization state is considered nearly
constant and independent of the temperature for temperatures up to 10000K. It is nearly zero for
these temperatures, for all electronic densities except for those that are near the solid ones (figure
3.3). FLYCHK calculations are known to give better results for highly ionized plasmas and intermediate
electron densities. For very low Ne, FLYCHK overestimates the meta-stable state population, which may
affect Zesr. Especially for most elements with atomic numbers > 18, the near-neutral ion results are
incorrect. For very high N¢, FLYCHK may give inadequate results due to simple continuum lowering
model and lack of degenerate states contribution. Some modifications were made to correct these
miscalculations, as will be discussed later on.
It is assumed that:

Ne - m; (3.54)
Lot

Zegr - N; = Ng and p = N; - m;( m; >> m,) giving p =

where mi=183.84amu=30510"%'g. The mass density can be calculated from the previous relation. Data
from figure 3.3 can be extrapolated, where Zefr is calculated as a function of temperature. Like this, an
estimation of electrical conductivity g, as a function of p for a specific temperature, could be extracted
from equations 3.52 and 3.53. The graphic presentation of o from the Spitzer formula for all the above
temperatures and for densities ~10™°gr/cm3<p<~10%gr/cm? is presented at figures 3.15 and 3.16. There
is a comparison with the experimental and semiempirical data for the relative density region of this
section's just presented study. The electron density range is 10™2gr/cm><N.<10%*gr/cm?>.
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For T=6000K, 8000K and 10000K, we take the graph 3.15, comparing the polynomial fit (for
densities 10 gr/cm><p<19.25 gr/cm?) to the Spitzer's formula plots (for the aforementioned densities).
For these graphs (figure 3.15, 3.16) the used Coulomb logarithm for electron-ions collisions is:

InA = 25 — In(T,"**N,.**) valid for T, < 10eV (3.55)

The Zefr data are the unmodified ones coming from the FLYCHK code for figure 3.15.

1 7 T T T |
Spitzer's plots

16 §

Iogo(s'1)

B ====== ="

1 2 | |

Iogp(grlcma)

Figure 3.15: The dashed lines are the Spitzer's plots and the solid ones the polynomials. The red line is
for 6000K, the brown for 8000K and the green for 10000K.

As can be seen the dashed lines predict different conductivities than these of the references for the
warm dense matter region (WDM). Especially at 6000K, there is the maximum discontinuity at 107
gr/cm?® while it is reduced at 8000 K and disappears at 10000K. Spitzer overestimates the conductivity
for 6000K-10000K according to the polynomial fit curves. The 6000K conductivity presents higher
values than those of 8000K and 10000K.

So modification is made for Zefr correcting the discrepancies of the FLYCHK code. More specifically,
we want to avoid more than two orders of magnitude at the estimation of Z.; for each electron
density. This, for different electron densities, could give the same mass density value (3.54 equation),
but different calculations for the resistivity and the transport coefficients (thermal conductivity,
viscosity). Additionally, for temperatures lower than a few eV the FLYCHK overestimates the high
electron density region (specifically for Ne=102e/cm® and Ne=10**e/cm?® as presented in figure 3.3). A
modification to lower values is necessary. The Coulomb logarithm InA is calculated through 3.55. Cut
off value is InA=0.5 (even though it is out of theory's limit it is a good low limit for the curves fitting).
Thus, the value range in equation 3.55 is from 0.5 to ~12 for all temperature and density ranges. The
modified Spitzer's formula presents better plots for the dense matter region (10° gr/cm><p<19.25
gr/cm?), compared to the ones of figure 3.15, temperatures smaller than 10000K and very close results

71



to the experimental and semiempirical data for temperatures higher than 10000K (figure 3.16). But of
course the discrepancy for 6000K, 8000K and 10000K still exists!

17— pesiiva 6000k - - -Spitzer mod 6000K |
DeSilva 8000K Spitzer mod 8000K
DeSilva 10000K Spitzer mod 10000K
16  — Experiment 30000K Spitzer mod 30000K }
—Experiment 50000K - - -gpjtzer mod 50000K
— Experiment 70000K _ . _gpitzer mod 70000K
0 15+ i
B
S
=14+ -
13+ i
1 2 1 1 1 1 1 1 1
-12 -10 -8 -6 -4 -2 0 2 4

Iogp(gn‘cms)

Figure 3.16: The dashed lines are the modified Spitzer's plots and the solid ones the experimental and
semiempirical data. The previous polynomials fittings are depicted only at DeSilva's work (mostly) for
6000K, 8000K and 10000K. The rest are lines of the raw experimental data. The red line is for 6000K,
the yellow for 8000K, the green for 10000K, the cyan for 30000K, the blue for 50000K and the magenta
one for 70000K.

A new modification adjustment to the Spitzer's electrical conductivity has to be made so it can
conclude the warm dense matter region (WDM), as presented in figure 3.16, for temperatures smaller
than 10000K. A Gaussian fit is implemented having its peak at 0.1gr/cm>. The comparison of figures
3.15 and 3.16 reveals a large difference between experimental and theoretical studies. Thus, the
proposed formula for the new modification is:

T, 2
1080104 = logGSpitzer (1 - Foe—(logp+1) /b) (3.56)
where T¢=1000K in our case, b=1 and 6000K<T<10000K. Depending on the problem, the coefficients
Toand b can be modified properly. With this transformation we have a correction of one or two orders
of magnitude for electrical conductivity close to the 0.1gr/cm® density. Using the above function the
corrected isotherm plots are depicted in figure 3.17.
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Figure 3.17: Plots of the three temperatures with the exponential fit correction to the originally

modified Spitzer formula.

Comparison of these graphs with the ones in figure 3.16, reveals that, for the whole range of
densities, the modified Spitzer and the experimental/ semiempirical plots are merged presenting
satisfying agreement to the literature of dense matter and low temperatures. Exception is the
dense/overdense matter region (solid/beyond solid) that probably underestimates the experiment.

It must also be mentioned that the thermal conductivity coefficient disagrees with these plots in the
dense region below 10000K, as will be presented later. The original modified Spitzer plots of 3.16 will
be used there.

A similar approach could be adopted for every metal plasma combining experimental and
semiempirical data along with function fitting. The produced formula would be similar to the one of
3.56 equation adjusting the parameters Tp and b.

Thus concluding in a general conductivity/resistivity formula for every density and temperature, we

have:
( 1
lo8(—1 075 1018 + 2.141- 10-2°T + 8.688 - 10217 — 2.055 - 102779 + 2310 T0-7r1s ° )/ 100K <T < 3695K
log (25.7- 10-7 —5.1- 1;—2°T +6.3- 10-24T2 S_1>’ 3695K < T <6000k
logo = 1080spitzer ° (1 _ T (logptfl)z) 6000K < T < 10000K (3.57)
log(Ospitzer),  10000K < T
\ alogp + b where a~1.0 and b~15, p>~10gr-cm3forall T

The density's validity for the first one is for the solid regime, the second for densities 13.75 gr/cm® <
piiq < 16.36 gr/cm’ while the third one is for the whole range 10°gr/cm’<p<~10gr/cm? and the fourth
for ~10 gr/cm><p< ~100gr/cm?>.
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For densities a little lower and higher than the solid ones, we see the experimental curves rising
away from the Spitzer's and having temperature independence. Thus, a mean fixed value can be used
due to this independency (i.e. 10™ to 10 s) or one linear or parabolic fitting for all temperatures
(logo=a'logp+b or logo=alog’p+blogp+c with a<0, where a, b and ¢ are adjustable variables, matching
the experimental curves). We have to be careful and uncertain to our estimations though, due to the
lack of data for densities much higher than the solid ones (the validity of this fitting is approximately up
to 10 gr/cm’).

If there are overlapping regions from the above analysis (density varying mostly), in which more than
one approach is valid we select the most global fitting and the closer value estimation to the neighbour
regions (i.e. the third relation in system 3.57 is overlapping the liquid phase as we will present right
away at figure 3.18).

These estimations are presented at the final figure 3.18 where all temperature and density
depended conductivities are shown. There, all the modifications and formulas of the 3.57 equation
system are included. The experimental and semiempirical/theoretical data of other works are more
than satisfying matched to the present work suggestions. Of course there is a maximum of two orders
difference for a narrow density region ~10°3gr/cm®<p<~10~gr/cm? of the 6000K curve to the one of Da
Silva's and other work combination study [25,33]. The curve could be better matched if someone
changed the exponential constants. But it also reminds us that Spitzer's formula is inadequate at the
very low liquid/plasma phase transition and overestimates the conductivity as we also present in
figures 3.16 and 3.17.

More specifically, the density independence of solid and liquid conductivity is presented at the top
graph as single cross and star points for the solid (19.25 gr/cm®) and liquid density of ~15 gr/cm?
respectively. As the temperature rises, the solid phase conductivity is rising too. The liquid phase
conductivity presents very similar values at 4000K, 5000K and 6000K. These star points are overlapped
from the 6000K, 8000K and 10000K of Da Silva's data that have similar values at this density region.

The mid graph is for temperatures up to 90000K having also the specific modified curve of Spitzer
formula that is absent to the previous figures. The relevant experimental work is the one of D.
Sheftman's and Y.E.Krasik's presented in figure 3.14. As we can see, the higher temperature values give
a slight higher conductivity than the lower ones at the diluted plasma region while they are rising and
are of the same values with the ones of the top graph at the dense matter region. The 30000K curve
presents higher values at low densities due to the uncertainty at the mean ionization states and
Coulomb's logarithm. This discrepancy and the one for 6000K has to be considered at the
implementation phase in the code. Moreover, the dash-dotted line presenting the exponential fit
proves that this modification is less consistent at this temperature with the experimental data than the
one without, as it is clearly depicted in the 3.18 figure. Nevertheless, the experimental and
semiempirical data of other works are very close and have, for almost any temperature, a mean value
curve very close to the one predicted from these Spitzer curves at the dense matter region.
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Figure 3.18 i. Top graph: Plots of the low temperatures up to 10000K. The cross points are of the solid
tungsten density, the pink stars of liquid phase at 15 gr/cm® and the three temperatures of figure 3.17
with the exponential fit correction and the linear fit for the overdense region proposed at 3.57 equation
system. The circle points are (mostly) Da Silva's extended semiempirical and experimental data of the
polynomial fitting.

ii. Mid graph: Plots of temperature range, 30000K up to 90000K. Four temperatures depiction of the
modified Spitzer formula with linear fitting for the overdense region proposed at 3.57 equation system.
The black solid line is the Spitzer modified formula while the dash-dotted is with the exponential fit. The
circle points are experimental and theoretical semiempirical literature data of the previous analysis
without function fitting.

iii. Bottom graph: Plots of every temperature from 0.025eV (300K) to 165eV (1914660K) that is
mentioned in this theoretical study without the experimental and literature data points. The Spitzer
plots or temperatures >10eV are unmodified, using the original FLYCHK data for Z.; while the In\=26-
In(T*N>°) valid for T>10eV. All curves are linear fitted at the overdense region (>~10 gr/cm3).The solid
and liquid temperature symbols are the same of the top graph. The electron densities have a range from
10"%e/cm’ to 10°°e/cm’ for all graphs and mass density from ~10™"'gr/cm’ to 10°gr/cm’.

The bottom graph is the one that depicts all the temperature ranges from the very early solid phase

to the main plasma phase with ionization levels of the order of 20-30. The depiction includes not only
the proposed theoretical curves of the first two graphs but also unmodified Spitzer curves up to the
165eV temperature. The exception is the linear fit at the overdense region presenting a temperature
independence profile. The similarities of these curves morphology with the ones of the SESAME/MGGB
curves in figure 3.2 is noticeable. The value range is also in good agreement with other theoretical
works that are suitable for the warm dense matter regime considering various interactions of electrons
with electrons, atoms, and ions by a linear mixture rule [32]. A modified version of the linear mixture
technique will be presented at subsection 3.4.1.3.
A disadvantage of this approach is that it can be computational difficult in implementation. The
solution time-step can be dramatically reduced due to discrepancies between different transition
zones. The crossings of some graphs at different temperatures has to be considered for the
implementation of this function (i.e. at 3.17 or 3.18 figures). The safest way is to extract tabular data
from the graphs, properly modifying them to avoid crossings, while an interpolation procedure can
evaluate the conductivities/resistivities of all densities and temperatures of interest. Last but not least,
a linear extrapolation fitting could be used for densities higher than the solid ones introducing closer
results to the experimental data of figure 3.16. It's the same procedure of the linear fitting in equation
3.57, but tabulated, and similar to the one proposed for the EOS in section 3.2.

3.4.1.2 A simple function of electrical resistivity/conductivity of plasma tungsten

A simpler approach considering the smooth transition from the metal plasma to the low density
background (vacuum regions) follows the form presented in equation:
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k
n= TL(1 + F;vac) (358)

where n_ is the transverse Spitzer resistivity presented in 3.52, py. is the initial low density background
(which is considered to be 10°gr/cm? for the problems studied here), p is the plasma density and k is
the resistivity coefficient of the low density background [34]. This model is representative of resistive
MHD codes which smooth the transition to a large background resistivity.

According to the parametrical numerical study, the computed optimal value to address this smooth
transition was determined to be the number 24 for the selected vacuum value and the material of
plasma tungsten. This value also prevents the solution time-step to be dramatically reduced (tested in
5.3 section for a PLUTO simulation). When thermal electron-ion collisions are concerned, it holds for
the Coulomb’s logarithm:

InA = 25 — In(T,"*N.*%) valid for T, < 10eV (3.59)

and

InA = 26 — ln(Te_lNeo's) valid for T, > 10eV (3.60)

This is a modified version of the classical electron—ion collisions formula that provides slightly higher
values, enabling a smoother transition to the large resistivity of the low density background [14]. It
cannot avoid though the discrepancies of the 6000K to 10000K, presented earlier, but still remains a
quick computational and easy to implement solution.

3.4.1.3 Linear mixture, Saha based, conductivity formula

Another tested formula as we mentioned earlier at subsection 3.4.1.1, especially suitable at the
expanded fluid domain to the warm dense matter regime (WDM), is the linear mixture rule considering
various interactions of electrons with electrons, atoms, and ions [32]. The same team, of [32], has
evaluated and tested this formula for the warm dense tungsten plasma and also for dense nickel and
iron plasmas [35]. Mofreh R. Zaghloul uses the same technique to evaluate and calculate the electrical
conductivity of the non-ideal copper plasma [36]. Their work correlates and uses the neutral electron
cross-section evaluation of M.P. Desjarlais that gives practical improvements to the Lee-More
conductivity near the metal-insulator transition [37].

Here we will present a modified/combination formula, combining the previous reference methods,
giving a global fitting formula for all densities ~10'gr/cm3<p<~10%gr/cm® and temperatures from
liquid-plasma phase up to 10°K (or even more!). The Zes data are again FLYCHK originating. The linear
mixture rule is simple. It considers a linear sum contribution of the electron-ion and electron-atom
resistivity or the inverse sum of the respective conductivities [32,35,36]:

Ntotal = Nei T Nen OF 0_total_1 = O_ei_1'|'0_en_1 (3.61)
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The neutral-ion percentage is given by the non-ideal Saha equation for a single species plasma in
thermodynamic equilibrium:

_i — 1 ~ 242. 1015T1.5Ni—1e_%[1_(};2‘53)%)]
M X (3.62)
where a = ( 3 )% and f = 1[()(2 + 4x)05 — x]

4T[Ni 2

The non-ideal Saha equation of 3.62 equation is used to the electron-ion conductivity via the f
factor (as will be presented at 3.64) and a is the Wigner-Seitz radius, using the N; ion density. The
second term in exponential parentheses gives a semi-empirical pressure ionization correction [37]. The
constants c; and c; are selected to give the best curve fitting to the experimental and semiempirical
data of subsection 3.4.1.1. The constants for all temperatures are 1.5 and 1.5 respectively, and are the
same as of reference [37]. In general, they could differ and have close values to the ones proposed,
having always in mind the evaluation through experiment. The argument of the exponential changes
sign at c1e2Ejonlal =1. This is consistent with Likalter’s percolation criterion c1€%Eion rt = 1/3 for the
metal-insulator transition for the selected values of constant c; [37]. The Eion is the first ionization
energy for plasma tungsten equal to 7.68eV [20]. All units are in c.g.s system.

The electron-ion conductivity is then given by the next formula:

Gei ZefflnA Ye

where

3 153+ Zegt® + 509 - Zogr

=—(1+
Ye = 32 T 64 2?1 345 - Zog + 288

The above formula is a Spitzer like 3.52 equation with the addition of y. factor that takes into
account the electron-electron scattering and can be neglected at a first approximation, since it is of the
order of unity. The Ze is the mean ionization state that is extracted from the FLYCHK data. The
Coulomb logarithm that is used here is the one proposed by Ebeling et al, representing the effective
guantum Coulomb logarithm, as calculated from the Born approximation and Debye potential [38].
This is a more physical way for the Coulomb logarithm approach taking into consideration the quantum
phenomena than the "artificial" corrections and cut-offs of the classical Coulomb logarithm approach
which is not valid for values lower than unity [14]. The validity of the quantum formula is at all
densities of our interest for the low temperature regime, while the classical formula presents similar
values for high temperatures. It also introduces appropriate values at the dense matter region, that are
much lower than unity, presenting a smooth, almost linear rising profile, which is the one we
"artificially" implemented at the 3.4.1.1 subsection approximation. This fitting will be presented in the
next figure. The proposal of the Mofreh R. Zaghloul et al [39,40] gives an improved formula but is not
of much different value regime than the simpler one that we use here. Also the latter uses the b,,
which is an average thermal impact parameter that has to be evaluated carefully [41,42]. Both
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approximations are valid for this task and give no negative values at the dense matter region at the low
temperature regime. The analytical function and the related variables are as follows:

1 2-2Ap)? 2-2Ap)? 1 2-Ap)t
lnA=—lln<1+( 2D)>— (2 Ap) 2]:—1n<1+#>
2 1 (2-2p)2 +1, 4 1

h
where 1, = W (average thermal wave length)

(3.64)
Ko 1 )05 = (

4‘1'[qu1 41tN eZZeff) (Debye ion length)

=Gz

m;m
and M, =

(reduced ion — electron mass)
m; + me

Here we use the fourth power approximate formula of equation 3.64.
The electron-atom conductivity formula is the following:

™ jos e Zesy (3.65)

Oen = GGoms) - TO5Q,.

The f is the Saha based blending neutral-ion factor that was previously discussed at equation 3.62. The
Qen is the electron-neutral momentum transfer cross section calculated in the Born approximation. It is
approximately [32,35,37,38]:

3(_9D y2
™ (Zr, ag) (3.66)
A% + 3Bykr, + 7.5C (kry)? — 3.4Dy (kry)3 + 10.6668E, (kr,)*

Qen =

All the constants and physical variables that are presented at this formula are depicted at the
following equations:

1
kp = = (inverse screaning length)
D
1 8KBm
k= ( =T)°5 (electron wave number)

ag = 5.291 - 10~%cm (Bohr radius)
ap = (68 ¥ 15)ag? (dipole polarizability) (3.67)

dpag
1/3
2Zesr

T)%25 (cut off radius)

o = (

7 i1
Ak =1+ ZkDro + ) (kDro)Z + ;(kDro)3
T

Bk — e—lSkDrO
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- 1+ 22kpr, — 11.3(kpry)? + 33(kpry)*
K™ 1 + 6kpry + 4.7(kpry)? + 2(kpro)*

o 1+ 28kpr, + 13.8(kpre)? + 3.2(kpry)3
K 14 8kpr, + 10(kpry)? + (kpry)?

E, = 14 0.1kpr, + 0.3665(kpr,)?

The ap dipole polarizability is the one that is proposed from the 2018 Table of static dipole
polarizabilities of the neutral elements in the periodic table [43]. There is a value uncertainty range, so
we chose the 68ag3 value for plasma tungsten that is the intermediate one.
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Figure 3.19 i. Top graph: Plots of temperature range, 6000K up to 90000K. The cross and star black
points are the solid and liquid of figure 3.18. The circle points are (mostly) Da Silva's extended
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semiempirical and experimental data of the polynomial fitting. The experimental data of the other
works up to 90000K are the same as in figure 3.18. The Q. electron-neutral momentum transfer is the
spatiotemporal formula of equation 3.66. The density and electron density have the same value range
as the ones in figure 3.18.

ii. Bottom graph: The same plots are depicted here but with Qe, having a mean constant value of 10"

cm’ for the 6000K, 8000K and 10000K and 10™>cm” for the rest curves.

Here we present two different conductivity group graphs. The first has a varying Qen cross-section
and the second a mean constant value equal to one. Even though at reference [32] the constant value
is not considered a valid approximation with this modified approach, we see that both group graphs
have similar behavior and a very good agreement according to the experimental data. 10*cm? up to
10"°cm? are good mean values for this task for plasma tungsten. In addition to that, the fixed cross
section value has been tested succesfully by Mofreh R. Zaghloul et al for copper plasma at the WDM
regime [36].

The benefit of using the quantum Coulomb logarithm of the previous discussion is the anticipated
almost linear rising at the WDM region that we achieved with the piece wise function of 3.4.1.1. We
also see a smoother transition to the independent temperature behavior at the dense and overdense
regime especially at the first graph! The values at the dilute plasma area are of the same order to the
ones of the previous estimations. The discrepancies we see at the 6000K,8000K and 10000K with the
experimental data are smaller at the first graph, while for higher temperatures the fittings are
experimentally closer at the second graph. We must not forget though that the experimental points of
these temperatures are mostly of DeSilva's work and are theoretically fitted from the work of Ebeling
et al [25]. These points are, at major percent, the ones we used here and in 3.4.1.1. The experimental
points of 6000K, 8000K and 10000K have a much larger area dispersion and a lot of them coincide with
the theoretical data points of these curves. Our curves have almost the same fitting behavior with the
ones proposed of Ebeling et al at the WDM region [25]! The work by D. Sheftman, Y.E.Krasik [29] and
A.D. Rakhel et al [30], has similar modifications and also similarities with this presentation at specific
temperatures at the WDM region!

3.4.1.4 Anomalous Braginskii-like, Saha-based, magnetically determined conductivity

A final presentation of a very good choice for implementation at an a MHD code is a Braginskii like
magnetic dependent conductivity formula that takes a mixture of electrons, ions and neutrals plasma.
The analytic expression for the electron collision frequency had been provided in Braginskii’s original
work. Braginskii’s result for resistivity is identical to Spitzer's for high magnetized plasmas (x;>>1). The
same expressions can be used in the absence of magnetic field B, assuming that the parallel transport
coefficients are the same with and without B. This is due to the strong effect of the magnetic field to
the transverse transport coefficients when y;>>1, leaving the longitudinal ones unaffected [44].

Having this in mind, a more thorough examination of the effect of the magnetic field at the
transverse resistivity coefficient is in order. We also take a mixture of ion, electron and neutral plasma
to evaluate the collision frequency and the inverse relevant time. It is a similar technique with the
previous one of the conductivity linear mix. The mixture instead in conductivities is applied to the
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collision frequencies taking into consideration the anomalous collision term with the low hybrid
frequency, as will be presented immediately after [45]. Moreover, the mixture of plasma particles
makes the nonlinear Saha equation the appropriate choice to evaluate the ratio of neutrals and ions as
the one of equation 3.62 including the correction fittings of the ionization potentials. The Coulomb
logarithm is the one of the previous estimation by the Born approximation of equation 3.64. Thus, the
electron collision time has two terms, one of the classical electron-ion collision and one electron-
neutral using neutrals density N, originating from the Saha equation. The electron-neutral cross-
section Qen We used is a fixed value suitable for the plasma tungsten. The Eion is the first ionization
energy for plasma tungsten and is 6.7 eV, the same as in [19], instead of using 7.68eV of [20].
The resistivity has an anomalous component and is a Braginskii-like [45-48] where,

V = Vg;+Vy, (collision frequency with anomalous term)

1 ,77.05 uDZ
where vy, = > (E) OLH 5 (anomalous collision frequency)
S

(L)pi .
——— o5 (low hybrid frequency)

w
pe
(1 0w
ce

41t N\ *° 41 N,
) o

i

and WLy =

0.5
and wp; = Zgre ( ) (plasma frequency) (3.68)

e

J(current density)

and up = No (diamagnetic drift velocity)
e

1.5 (Ng + N; 4+ N,)Kg T (K)\ %
N+ Nom. ) (sound speed)
1 n 1

and ¢cg = (

Now the total collision time is defined as:
1

++3 Qen Ny - = )

(Tedtotal = (total collision time)

where Q=5 - 10715cm? (cross-section)

d 1 3 meO's(KBTe(K))LS
ane Tei = Voi  4(21)O5NgInA - Zyg - €

1
andt, =—=———
V. Vei+Van

e
and X = Wce* (Te)total and wee = — (eletron cyclotron frequency)
C- Mg
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me a 3.1x. +1.89
Nee2 ’ (Te)total Xe2 + 6.2%. + 2.8

The resistivity is: n = i )(s)

,J is the plasma current density, up the diamagnetic drift velocity and along with the low hybrid
frequency wiy formulate the anomalous collision frequency. Due to the presence of the magnetic
field the plasma frequencies of electrons and ions and the electron cyclotron frequency modulate the
anomalous/low hybrid frequency and the resistivity term respectively. The Braginskii-like
resistivity/conductivity uses the total electron collision time and the dimensionless factor y. that is
the standard parameter to all the Braginskii magnetized conductivity, thermal conductivity and
viscosity coefficient formulas. For the last two, a similar analysis will follow at the relevant
subsections.

If the magnetic field is negligible and Z.#<1, we can ignore the anomalous collision frequency term.
The absence and presence of this term is something that we will discuss right away. We will compare
the results with the ones of the unmagnetized, Saha based linear mixture conductivity of the previous
subsection.

In a pinch plasma configuration the anomalous resistivity causes the formation of a low-density,
highly resistive, coronal plasma, while the lower hybrid microinstabilities caused by the anomalous
term make radiative collapse more difficult to be achieved with radial pressure balance affected too
[45].

If the radial pressure balance is preserved while the current rises, high density can be maintained
while the plasma is Ohmically heated. This could be very important for fusion temperatures to be
achieved. Thus the implementation of this form of resistivity could provide insights for the plasma
behavior concerning, the radial pressure, microinstabilities formation and the heating mechanism of
the plasma [46,47]. The inclusion of an anomalous component to the electron-ion collision frequency
in the evaluation of electrical resistivity and electron thermal conductivity, serves to limit the electron
drift velocity to less than the ion sound speed, providing a physically justifiable scaling from finite
plasma resistivity to virtually infinite vacuum resistivity and preventing a large discontinuity in
transport coefficients at the vacuum/plasma boundary [47]. It has been successfully tested and
implemented in the MHD code GORGON [48]. The difference and the crucial part here is the usage of
the specific expression of the Coulomb logarithm and the Saha equation that gives a very good
matching with the experimental and semiempirical data at the WDM region for the low temperature
regime. The first estimation is depicted at the graph 3.20 with three different graphs of one no
magnetized and two magnetized cases. The one that is mainly valid for the plasma tungsten case of
our concern is the middle one of 10° Gauss due to the magnetic field range of our X-pinch plasmas
experiments of ~10%-~10° Gauss magnetic fields at the peak of plasma current. Most of the
experimental data are overlapped and are depicted at the WDM region from ~10gr/cm? to 10gr/cm?
having the same value range as in figures 3.18 and 3.19 (~10"s™ to 10'® s™). The same narrow range
of values holds for most isothermal theoretical curves at the same density area.
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Figure 3.20 i. Top graph: Plots of temperature range, 0.52eV up to 165eV for the unmagnetized case
(B=0). The cross and star black and magenta points are the solid and liquid of figure 3.18/3.19. The
circle points are (mostly) Da Silva's extended semiempirical and experimental data of the polynomial
fitting. The experimental data of the other works up to 90000K are the same of figure 3.18/3.19. The
density and electron density have the same value range as the ones in figure 3.18.
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ii. Middle and bottom graph: The same plots are shown for the B=10° gauss and B=10° gauss
respectively. The legend columns are common for all graphs.

Usefull observations for the above graphs are:

1. All three cases have a similar behavior in comparison to the linear resistivity mixture case of
the previous subsection.

2. The agreement with the experimental and semiempirical data till the 90000K is very good.
Nevertheless, the no magnetized and mid magnetized case present closer estimations to the WDM
region at temperatures of 6000K, 8000K and 10000K compared to the one of the experiment. The
high magnetized case presents lower values for these temperatures and has slightly higher
differences with the experiment.

3. The high magnetized case presents better estimations for the 30000K curve than the other
two while all three are practically the same for the 50000K, 70000K and 90000K at their predictions.
4, The no and mid magnetized case are very similar to the Saha-based and Spitzer modified case

of the previous subsections for the dense and dilute plasma region, while the high magnetized curves
introduce slight higher predictions at the dilute plasma regime.

5. The conductivity value range is very narrow for most of the plasma density area and is ~10*3s’
1A~ 15_-1
-~107s7.
6. Someone could use the spatiotemporal electron-neutral cross-section as the one presented at

3.4.1.2 for a better fitting.

Considering the full expression for the conductivity of the 3.68 equation with the anomalous term
implemented. For the current density we use Ampere's law:

(3.69)

The g is the characteristic discretization spatial length of our simulations, approximately 10um but it
could be one order of magnitude smaller or higher (depending on the size of the computational box,
the main plasma size configuration and the detailed analysis we want). Thus, the important term of
the diamagnetic drift velocity is calculated along with the other terms of equation 3.68. The magnetic
field magnitude range is from 10° to 10® Gauss shown at the 3D graph in figure 3.21. The conductivity
isotherms varies from 0.52eV to 165eV. We also present the 2D graphs for B=1Gauss, 10°Gauss and
108 Gauss in figure 3.22 just to estimate the differences with the conductivity without the anomalous
collision frequency term of figure 3.20.
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Figure 3.21: The 3D isotherm surfaces as a function of magnetic induction and mass density. The
magnetic field range is 10°-10° Gauss and the mass density is ~10 ™ gr/cm>-~10°gr/cm>. The isotherms
are from 0.52eV to 165eV.

The 3D graph presents very low conductivities at the dilute plasma region at every magnetic field
magnitude. For the very low case of ~1 Gauss, the mass density dependence is very near to the one of
the unmagnetized case and goes like this up to ~10°gr/cm>. Then the conductivity has a linear-like
reducing till the value of ~10%°s™. The conductivity of the metallic tungsten is ~10%’s™ at the 300K
thus the conductivity is of this order or one order of magnitude lower at the dense matter region, but
it can go till ten orders of magnitude lower at the dilute plasma region. This behaviour of lowering the
conductivity at the dilute region is enhanced for higher magnetic fields. The ~10*-~10° gauss magnetic
fields have this lowering value behavior much sooner at the ~10>gr/cm®, while at the very strong
magnetic field region we see an almost continuous lowering of the conductivity reaching ~10™s™* and
~10"%" at the dilute plasma region respectively (twenty seven orders of magnitude lower than the
solid tungsten's)! It is, practically, a zero value conductivity or an almost infinite computational
resistivity.

We select three different magnitudes of the magnetic field B=1 gauss (low), B=10> gauss (mid) and
B=10% gauss (high) and we present the 2D graphs of figure 3.22 to estimate clearer the value range of
conductivity for every density and temperature. We observe the aforementioned behaviour for the
conductivity, presenting low values at the dilute plasma region, while the high magnetic fields present
lower conductivity values at the same densities than the low magnetic field ones. The agreement with
the experimental data is very good at the low magnetized case. The mid magnetized case is reducing
the conductivity value very soon at the 6000K,8000K and 10000K isotherms having a discrepancy
there. This is not the case for higher temperatures, where the experimental data are better fitted to
the theoretical curves. The high magnetized case introduces very low conductivities for the low
temperatures compared to the experiment at WDM region, but is still valid for higher temperatures,
where the experiment is within the theoretical value range.
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Figure 3.22: The 3D isotherm surfaces as a function of mass density. The magnetic field is 10° gauss at
the top graph, 10° gauss at the middle and 10° gauss at the bottom. The mass density is ~10™gr/cm>-
~10°gr/cm® and the isotherms of 0.52eV-165eV hold for all three graphs. The experimental and
semiempirical data are the same as in figures 3.18, 3.19 and 3.20.
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As we mentioned before, the inclusion of an anomalous component to the electron-ion collision
frequency provides a physically justifiable scaling from finite plasma resistivity to virtually infinite
vacuum resistivity, thus preventing a large discontinuity in transport coefficients at the
vacuum/plasma boundary. This is a valid approximation also to the dilute plasma region when we
have one component plasma in our computational box, having very high resistivities there, thus
better control of the diffusion of the physical variables retaining an isothermal and high resistivity
vacuum (i.e. the current density and the magnetic field of the vacuum) [46-47].

Conclusively, the anomalous term can be neglected or implemented at the conductivity formula
depending on the needs of the simulation run and the effects to the corona thinner density areas
expansion and the instability formation [46-48]!

3.4.2 Thermal Conductivity for liquid-plasma tungsten

The thermal conductivity is implemented at the MHD energy equation as a dissipative term. It is a
divergence flux term as shown in equation 3.11. In the MHD case, thermal conductivity is highly
anisotropic being suppressed in the direction transverse to the magnetic field. The thermal
conductivity has three components in the MHD approach. The k|| and k- are the thermal conduction
coefficients along and across the magnetic field respectively. The classical hydrodynamic case has only
the parallel contribution with the known expression Fj,ss = k| VT, denoting it [2]. Also often the k|
>> ko= when the particles essentially free-stream with very long collisional mean free paths parallel to
the magnetic field, but not perpendicular to it [49]. The k« is the component coefficient of the thermal
conduction flux transverse to the plain of B and VT. This term is oftenly ignored and will be evaluated
separately at the Results Chapter 5. All three components of thermal conductivity are implemented in
equation 3.13 of PART I

The thermal transport phenomena are significant for the plasma energy exchange, especially when
the radiation transport is ignored. Numerous studies have shown that heat transfer can affect the
growth rates of instabilities (i.e. the Rayleigh Taylor instability) and the self generated magnetic fields.
This is due to reduction of temperature and density gradients due to conduction [50,51].

3.4.2.1 Thermal conduction parallel coefficient for liquid-plasma tungsten through a
piece-wise function

In condensed matter, heat transfer is mediated by the collisional transport of valence electrons and
lattice waves. In metals, the electron contribution dominates over the phonon contribution. Due to the
fact that the valence electrons are responsible for both charge and heat transfer in metals, a
proportionality between the thermal conductivity and the electrical conductivity can be expected. This
is expressed by the so-called Wiedemann—Franz law that is an appropriate fit for WDM matter and
fusion applications.
A first approach is a piece-wise presentation for the k|| that is evaluated from:
i. The Seydel-Fucke fit [26] in the temperature range for liquid tungsten 3695K<T.<6000K,

k| = 66.6210° + 2.086 - 103(T, — Ty,,) — 0.376(Te — Tyy) % (c. 8. 5) (3.70)
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where Tm(K) is the melting temperature (3695 K ).
ii. The Wiedemann-Franz law for Te >6000K that has the following expression:

2.45 - 107 12T, (K)
= 9

o (c.g.s.) (3.71)

where Te in K and o is the electrical conductivity (in 1/s), and is given from the modified version of 3.52
that is plotted in figure 3.16 [28]. A graphic presentation of the above formula and a comparison with
experimental /semiempirical results is:

7.5
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Figure 3.23: Parallel component of thermal conductivity kj estimated by Wiedermann-Franz law
substituting o from the modified Spitzer (dashed lines of 3.16 plots). The star point, depicts the result
obtained in the experimental study by Satoshi Sugimoto et al [52]. The circle and diamond point plots
are semi-empirical estimates obtained using the Wiedermann-Franz law with Rakhel’s results [28].

The prediction of the parallel component of thermal conductivity from the Wiedermann-Franz law
with the modified Spitzer (of 3.16 figure), presents similar results to the experimental data of the
WDM region at 10000K (green line and star point). For higher temperatures in the same density range,
the predictions are similar. As a result, with this modification, the Wiedermann-Franz law is a good
approximation for thermal conductivity in a big temperature range for the dense matter region
(comparison of the experimental/semiempirical points and the law curves at figure 3.23).

Another observation is that if we use Wiedermann-Franz law with the modified Spitzer formula for
electrical conductivity, for temperatures smaller than 10000K and densities smaller than 0.1gr/cm?,
one or two order of magnitude lower values than the ones of the dense matter are evaluated for the
thermal conductivity. This behaviour is smoother for 30000K and more abrupt at 50000K and 70000K.
It has to be tested and evaluated from the experiment. An observation also by Satoshi Sugimoto et all
gives an experimental independent temperature behaviour at 0.04p.i~0.8gr/cm® for temperatures
8000K to 13000K [52]. This is the case here for the yellow, green and blue curves for the density range
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of 1gr/cm?® to 0.01gr/cm®. For smaller densities the law has to be compared with another tested
formula (i.e. Braginskii's) and experimental data at every temperature above liquid phase.

3.4.2.2 Thermal conduction coefficients for plasma tungsten through modified
Spitzer's formulas

A simple formula for the parallel thermal conduction coefficient, is a modified Spitzer that is commonly
used in astrophysical simulations:

k” = 56 . 10_7Te(K)2'5 (Cg S.) (372)
The k- coefficient is evaluated from:

3.3-10"16 N 2
Kk =  (cgs) (3.73)
Te(K)O'SBZZeff

where B is the magnitude of the magnetic field and N. the electron density. This is also a modified
Spitzer formula [53,54]. Both coefficients are in units of erg(s'’K'cm)™.

Till now we have not separated the thermal contribution of the electrons from the ions. This job is
presented with the next approach by Braginskii's formulas.

3.4.2.3 Thermal conduction coefficients for liquid-plasma tungsten through
Braginskii's formulas

A third and more complete evaluation for the thermal conductivity components comes from the
formulas of Braginskii's model [14,44,50,51]. As presented before, the electron component is
dominant at low temperatures and dense matter. If someone has to choose for one thermal
conductivity coefficient for the whole temperature range, this has to be the electron one for the
parallel component and the ion one for the transverse (it will be explained through this analysis). The
formulas 3.70-3.73 were chosen having in mind the former observation.

The parallel component is evaluated from:

] 2 2.5
— Yo NeKB TeTe —461-10"5 Te(K)

ky© :
me lnA Zeff

(C'g's') , lfYO =8 (374)

and the transverse:

Le NeKp“TeTe (vl’xez +vO’) (3.75)
- me Ae
3-mg%3(KpTe)'® eB
where 1, = 0: (KpTe) = Xe = WceTe and wge = — (3.76)
4(2m)%>NiInA - Zge meC
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For the ions the thermal coefficients are:

i _ 39 N;Kg?TyT;
! m; (3.77)

and the transverse:

i

_ NiKBZTiTi ( 2Xi2 + 2.645

* mi Ai ) (378)
" 3 m; % (KgT)"* q LegreB
eret; = , i = T and We; =
i i 4T[O'5Nill'lA : Zeff4e4 Xi Weii “ m;C
(3.79)

with A; = ;% + 2.7x;%2 + 0.677 and A, = xo* + 81X + 8

In the limit of large fields (xi>>1 & x.>>1) the equations 3.75 and 3.78 have a simpler form (the
second and third term at Ac and A;are ignored) :

_ YlINeKBZTeTe _ YlINeKBZTe

k. ® =
B Mg Xe? MeWee?Te
and (3.80)
i 20-NiKg’Tyy; 2.0 107**N,’InA (C.5)
s m;x;? - T(K)*sB? B

All units are in c.g.s and Te¢, Ti in K. The values of yo, 81, 80, Y1' and yo' are defined in [44. For the
simulation runs in Chapter 5 we use mean values of these constants. If we set Zerr =1, y0=3.2, y1'=4.7
we get the same formulas of reference [14] (multiplied by the Boltzmann constant).

Therefore a convenient choice for a simulation run of a heavy plasma ion material with high Zg is to
use the system of 3.74-3.79 displacing the 3.75 and 3.78 with 3.80 for a simpler computational
implementation (but someone could use the whole package without replacing).

Comparing the parallel coefficients of electron and ion we set Te=Ti, Ne=Zeft-Ni and we have:

ki _Yo Zeff3( Mi o5 (3.81)
k”‘ 3.9 mg
We know that yo values are from =3 to =13 and for Zesr=1 to o= [31]. Zefr is of the order of 10 for a
few eV temperatures (figure 3.3) and m;=183.84 amu=3.3510°m,, for plasma tungsten. This is an
obvious dominance of the electron contribution to the parallel thermal coefficient (thousands to
millions times higher as long as Z.sr is bigger than unity).
A similar comparison, finding the ratio for the transverse coefficients of 3.80, we get:

ki 0.5 ,
- 2 Mi o5

- (3.82)
K.®  y1'Zegr Mg
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Although the result is not as high as that of 3.81 (as long as Z.f is bigger than unity also), the
transverse ion coefficient is much higher than the electron (substituting y1'=4 and Zefr of the order of
10).

The Braginskii's model and the Wiedemann-Franz law with the modified Spitzer are used to all
density regions from 6000K to 70000K (the same value range of figure 3.16). The Braginskii's parallel
electron component is shown in figure 3.24 considering the constant yg as a function of Te and Zesr [44].

Their value correlation is depicted at Table 3.3.

T(K) Lest Yo
6000 <1 3
8000 ~1 3
10000 ~1 3
30000 [11,1.6] 3.5
50000 [1.2, 4.0] 6.0
70000 [1.8,4.0] 6.0

Table 3.3: Values of yo that are used for every temperature that is depicted at figure 3.24. Z.4 is
estimated through the FLYCHK tabular data while yo estimation correlates with Zes Thus, a mean
qualitative approximation of the original values of Braginskii's work is considered [44].

8 ——6000K

8000K
10000K
7L i 30000K
o —50000K
o ——T70000K
Exp 10000K
61 | | ¢ Rakhel 20000K
/.-——\ O Rakhel 40000K

4
-12 -10 -8 -6 -4 -2 0 2 4

Iogp(grlcm3)

BRAGINSKII THERMAL CONDUCTIVITY 0 699V(8000K)
‘ ‘ ' ' ‘ ’ ' 0.86eV(10000K)
—2.59eV(30000K)

4.31eV(50000K)
1 |—6.03eV(70000K)
—7.76eV(90000K)
——10eV
. 15eV

23eV
——32eV

52eV
—o—T4eV
——100eV
—=—165eV

Iogkbr(erg(chm)'1)

-
N

-
(=1
T

(erg(chm)’1)
@

Brag

logk

logp(gr cm'3)

92



Figure 3.24 Top graph: Parallel component of thermal conductivity kj estimated by Braginskii's model.

The result obtained in the experimental study by Satoshi Sugimoto et al is depicted as a star point[52].

The circle and diamond point plots are semi-empirical estimates obtained using the Wiedermann-Franz
law with Rakhel’s results [28]. The temperature range is 0.52eV-6.03¢eV.
Bottom graph: The same component is depicted using the same model, experimental and semiempirical

data but for InA we use the effective quantum Coulomb logarithm as calculated from the Born

approximation and Debye potential of 3.64. The temperature range is 0.52eV-165eV.

Comparison of figures 3.23 and 3.24 shows similarities but considerable differences also.

Vi.

vii.

viii.

The WDM region has similar results for the two approximations but closer to the experiment
and semiempirical data is the Wiedemann-Franz's law results.

The experimental 10000K star point is very near to the same temperature curve for both cases,
but Braginskii's model does not introduce the independent temperature behaviour at
0.8gr/cm?’ that is observed at the experiment [52].

Wiedermann-Franz's law curve of 30000K underestimates the semiempirical data of Rakhel but
Braginskii presents a better fitting.

Braginskii's 50000K is one order of magnitude higher than the semiempirical data by Rakhel, in
contradiction to the proximity of the Wiedemann-Franz's law results at the WDM.

On the other hand Braginskii's is a global fit for all plasma temperatures having formulas for all
four components of the thermal coefficients that could be implemented in the code.

The two other cross components Ky are not considered in this Chapter but are included at the
conservative equations MHD system as presented in equation 3.13 and are described and used
at the fourth section of the results Chapter [14,44,50]).

The 6000K-30000K curves have values of the same order at both approximations, while the
50000K and 70000K differ from one order of magnitude at all plasma densities.

Temperatures higher than 70000K should be better implemented with the Braginskii formula
due to the repeatedly simulation testing i.e. with the GORGON MHD code [48,51].

The quantum Coulomb logarithm is used to the second of figure 3.24 for a better linear fitting
at the dense matter region as the one we used at the Saha linear mixture technique at sub-
section 3.4.1.3. It is a better fitting than the classic case of the Coulomb logarithm that we used
previously and also introduces the anticipated temperature independence behavior at the
WDM.

Temperatures of 10eV and more have the same Spitzer-like behavior of figure 3.18 and are
depicted here at the second graph of 3.24.

A piece-wise function could be used in the simulations combining these approximations.

Furthermore, more experimental/semiempirical and theoretical data could help to have better

conclusions for the best fitting.

Some useful observations for the three approximations are:

Caution with the Boltzmann constant that is absent at the original Braginskii's formulas [44,50]
while it is considered in [14]. But the coefficients in the latter are in cm™s™, while the Kg is
implemented in the spatial derivatives of temperature at the MHD equations. Here the
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presented formulas have the same c.g.s dimensions as the ones of figures 3.23/3.24 and Kz is
implemented at them having this way the correct units in equation 3.13.

ii.  The most important thermal component at the hydrodynamic and WDM regime is the parallel
thermal coefficient.

iii.  For high magnetic fields the transverse coefficients are smaller than the parallel.

iv.  The electron contribution is dominant at the parallel and the ion contribution at the transverse
component coefficient especially in high atomic number and low ionized plasmas (small
temperatures).

v. The simple form of equations 3.72 and 3.73 lack the presence of the Coulomb logarithm.
Nevertheless, they are of the same order compared to the Braginskii's formulas for large fields,
for almost every Zesr and InA of our interest range.

3.4.3 Viscosity Tensor components from low to high magnetized one-fluid plasmas-
Application to any pinch plasma configuration

The relation between the viscous stress Il and the deformation tensor Dj; of equation 3.10 is achieved
through the v, shear viscosity coefficient [55,56]. The presence of the magnetic field in the MHD case
leads to significant differences for the momentum transfer along and across the magnetic field. This
case complicates the aforementioned relation, "demanding" the presence of five independent
viscosity coefficients of proportionality. This holds for ions and electrons. The ion viscosity is always
much larger than the electrons, in an one-fluid approximation, so the viscosity of plasma is determined
essentially by ions.
The five viscosity coefficients are defined in Braginskii's original work [44]:

Vg = 0'96NiKBTiTi
1.2x2 + 2.23
v, = NiKgT1; | ————

A
(3.83)

xi> + 2.38y
A

Vy = NiKBTiTi<

v1=V,(2x;) and v3=v,(2);) and A = x;* + 4.03x;% + 2.33

where the xi and 1i are the same as the ones of the thermal conductivity's subsection in equation 3.79.
All units are expressed in the c.g.s system and T in Kelvin. The same form of v holds for the electron
coefficients, but with different polynomials at the parenthesis [44]. If we choose the high magnetized
situation (x;>>1) the viscosity ion coefficients become:

Vo = 096N1 KBTiTi

_ 1'2NiKBTiTi (384)

V2
2
Xi
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N;KpTiT;
Xi

Vg

v, = 3.3v; and v, = 2v;

Now we will define all the relevant tensor implementation and we will clear the notification index
form along with the analytical matrix one.
For a Cartesian system [55-56] the deformation tensor Djj holds:

[ duy 1 % N duy 1 du, N ouy
0x 2°0x 0dy~ 2 0x 0z
D;; = laux+% % lauz+% andi,j =x,y,z
2 0dy 0x dy 2 0y 0z (3.85)
1 Jduy N Jdu, 1 duy N Jdu, Ju,
20z o0x° 2 0z Oy 0z |

The u=(uy, uy, uz) , are the three components of plasma velocity at the Cartesian system.
In order to describe the viscosity tensor in a magnetized plasma, it is helpful to redefine the
presentation of the viscosity tensor and insert the spatial-rate-of-strain tensor [44,57-60] which is :

2
Wi- = ZDI] — g(v ' U)Si]‘ =

[40uy, 2 Ouy, Jdu ou, OJu du, Ju
_ X _= y + Z (_y + X) ( Z + X)
30x 3 0dy 0z ox  dy ox 0z
_ (aux N duy 40uy, 2 Ou, N du, (6uz N duy (3.86)
dy  0x 3dy 3 0x 0z dy 0z
duy, OJu du, OJu 40u, 2 duy OJu
( X + Z) (_y + Z _ Z _ = X + y)
| dz  0x dz  0dy 30z 3 0x dy’l

This definition introduces a more compact form of the viscous stress tensor which is magnetically field
dependent:

4 4

Iy = My = z(i)\’awakl = VoWok1 + Vi Wi + VaWoyq — va Wiy — v Wy
a=0 a=0 (3.87)

and k1 =x,y,z

The magnetic field dependence is at the Wy five components tensors which will be presented
below. We have also to take into consideration that the signs of the viscosity coefficients are the opposite
than those of the literature [44, 55-63]. This is due to the right hand side presentation of the viscous
stress tensor II, retaining positive signs at equations 3.8 and 3.9 source terms and keeping the same
form of equation 3.1.

Now we will clarify all the tensors, symbols and matrices that we present,
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. 1ifi=j ,
i) & —{0 ifi % | Kronecker’s Delta

1if {ijk} = xyz,zxy , yzx
ii) g = {_1 if {ijjk} = yxz,zyx,xzy Levi-Civita Epsilon Symbol

0 otherwise
1 0 0
iii)Il=]0 1 0 Unity Matrix
0 0 1 (3.88)
B
iv)b = H = ( by, by, bz) magnetic unity vector

1-b,*> —byby —byb,
v) I, = I— bb (vector dyadic product) = [ —b,b, 1— by2 —byb, |, projector on

—b,b, —b,b, 1-b,?
the perpendicular plane of the magnetic field

]=X,y,z
. ou; , 0uy ,0uy , 0uy
v1)bb:Vu='Z by by = by X by,
i=x,y,z
duy, OJu, duy, Ou, du, OJu,
b.b =Y ) bbb, [ b.b ( )
+Xy<6y+ax)+yz(az+6y 002 {5, T ok

The first viscosity stress presentation is the symbol index using Kronecker's Delta and Levi-Civita
Epsilon at the rate strain tensors. This is the choice in the original Braginskii's work [44,57]:

Wor = ; (byby — %Skl) (bib; — % 8ij) Wjj (3.89)

Wikt = ((8ki — bgb;)(8); — byby) — % (811 — bby)b;b)W;; (3.90)
Waiq = ((8ki — biby)bib; — (8 — bib;)byb )W (3.91)
Wi = %((Gki — biby)em; + (81 — bib) €xmi) bm Wy (3.92)
Wi = (bgbigiy; + bibjeryi) by Wi where m=x,y, z (3.93)
and Wiq = Wyiq + Wy +Wyyg (3.94)

The Einstein summation convention is employed here.

Another, maybe more compact way to depict the rate of strain tensor, is using the matrix
presentation, dyadic and double inner products [61-63]:
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W, =3 (bb —%1) (bb —%I):Vu (3.95)
Wy =—[I -W- L+%L(b-w-b)] (3.96)
W, =—[I.-W-bb+bb-W- 1] (3.97)
W3=%[b><W-Ii—Ii-W><b] (3.98)
W, =[b X W :bb—bb-W x b] (3.99)

The double dot product at 3.95 should be interpreted according to the example of equation 3.88. The
total viscosity tensor is again the expression of 3.87 (without the k, | indices).

These are two equivalent presentations of the tensor/matrix formulation of the viscous stresses.
They are both useful for the implementation to the general magnetized MHD plasma case at any
computational attempt. They also introduce the same asymptotic behaviours. Let's see independently
each of the five tensor components and understand the effect they have at the plasma behaviour.

The first is IIo=voW), the so called parallel viscosity tensor [61,65]. This is the one that controls the
variation of plasma velocity component along the magnetic field lines. As long as the Wj; components
survive we have a compression viscous tensor. In this case vo=vp, and is also called the
compressive/bulk velocity coefficient of the viscosity tensor. Especially at the HD case it is always true
according to the 3.10 equation and the term vo(Vu)I [55,56,59]. But if the shear indices survive (Dj
with i#j) we have also shear viscosity behaviour. This is true only when the MHD Braginskii case is
concerned. The parallel viscosity is unchanged from the unmagnetized case of the two fluid kinetic
theory (B=0) [44]. It is also obvious Wj; should be zero for plasmas with u=constant, as for uniform
isotropic compressions, meaning compressions of no elementary volumetric deformation [44]. For
many astrophysical and laboratory plasmas the vo coefficient could be several orders of magnitude
higher than the other coefficients [59,60].

The [I1=v1W1 and II2=v,W2> represent the perpendicular viscosity tensors [61]. They control the
variation of plasma velocity component across the magnetic field lines. The v1 coefficient can be
derived from the same formula of vz replacing xi with 2xi in 3.74, as mentioned before. Practically, they
represent the shear stress impulse coefficients per unit surface to the plasma layers (dyn's/cm?),
perpendicular to the magnetic field line. Although it could be several orders of magnitude smaller than
the parallel one it has a significant effect to the heating mechanisms of astrophysical plasmas (i.e. Solar
corona) and its magnitude is comparable to the resistivity heating [59]. The presence of shear viscosity
mechanism and its dissipation are relevant for astrophysical plasma jets. It is also the dominant
deformation mechanism when the parallel components are negligible and give shear dissipation
mechanisms, experimentally tested, in weakly magnetized ions plasmas at the radial direction of axial
laboratory plasma jets [64].
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The last two are the II3=-vsW3 and I[14=-v4Ws the so called gyroviscosity tensors [61,66]. The v3
and vy are the gyroviscous coefficients where the vz can be similarly derived from v4 replacing x; with
2xi. They are not actual viscosities, since the associated viscous stresses are always perpendicular to
the velocity, implying that there is no dissipation (i.e. viscous heating) associated with this effect. But
gyroviscous forces are significant in collisional toroidal plasmas (i.e. Tokamaks) [65] or in weakly
collisional but highly magnetized electron-ion plasmas where magnetic reconnection phenomena are
present [66].

The appearance of all II; tensor components in the momentum and energy equations lead to the
evolution of extra shear or bulk or gyro plasma deformations and extra heating mechanisms beyond
the classical Ohming, pressure and radiation. This is a difficult task to implement in a computational
code, but it would be enlightening to estimate the differences in plasma formations/deformations and
plasma evolution in configurations with plasma jets, like single X-pinch or wire arrays and conical
arrays. The equations 3.8 and 3.9 should have the full expression of 3.87.

Despite the complexity of this task some specific regimes are easy to study and implement.

A. If we get the Newtonian fluid/gas MHD approach, it is exactly the one of 3.8, 3.9 and 3.10 equations
(remember, the one PLUTO uses), using for the bulk and shear coefficients the formulas of Braginskii or
Spitzer or other appropriate literature fits [67-71].

I. The unmagnetized/low magnetized limit (xi =0 or xi<<1) which should lead to the original form of
equation 3.10 cannot be derived from the magnetized one (B—0), at least with the Braginskii's formula
presentation, creating simultaneously null magnetic points that create infinities at the simulation runs
[67]. The original work, starting from kinetic theory and building to a two-fluid description of the
plasma, treats separately this case leaving only the parallel coefficient present and the Ilo=voWp
viscosity tensor (given by 3.86 expression) [44,61]. This is not the case if we consider the plasma as one
fluid and derive the stress tensor from the HD Newtonian fluid approximation that preserves both the
bulk and shear components (equation 3.10) [2,55,56].

a. If we set B—»0 and consider that there is no elementary volumetric deformation at the plasma
volume, we can set vy, bulk component, zero and leave only the shear component contribution. This is
a common implementation at the one-fluid studies of MHD and HD cases, where plasma is considered
as a classical unmagnetized or low magnetized liquid [55,64,68]. The MHD heavy plasma metals often
use this assumption, but in most cases for the low temperature range [64,69]. The choices for the
formula of v, could be:

ivg, =0.16-107%2e Ti > ) (Arrhenius — Ishikawa fit)
m

ii.vg, = 0.96N;KpTit; (Braginskii formula)

5, m% (KgT)?° 0.466 _ _
) (Spitzer /MD like formula) (3.100)

MVss1 =0\ (Zeg- ©F In(1+ 1.493 - elnh)
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0.795 - azmiNiwp 1+ 4.256 - 1072T'+2.057 - 1073I%2+7.036 - 107°T3

V.- Vss2 = 0.862\1 + 4.299 - 10-2I'—2.707 - 10~* - T'2+3.254 - 10~6I'3—1.150 - 10-8[*
F2'51n(1+ﬁ) + 4. . +3. .
, 0s_(KgT)*®
0.59625 - (3m)™" 7~ ~ey3 1+ 4256 - 10~2I+2.057 - 10~3I2+7.036 - 10~5T3
= - 10-2T— S10-4 . 12 - 10-6T3_ . 10-8[4
- 1n (1 n Of?_652) 1+ 4.299-1072['-2.707 - 10~%-T'2+3.254 - 106I'3—1.150 - 10~8T
(Spitzer /MD like formula)
(Zefs - ©)° .
where ' = ———(c.g.s) (Coulomb coupling parameter)
ar- KBTi
1 4T[Ni
and a= ( )3 (Wiegner — Sietz radius) and w, = Zg- e ( )05 (plasma frequency)

4T[Ni m;

The first formula is an Arrhenius fit of the form v=v¢-eE/RT that provides an accurate description for
the entire liquid phase, where R is the ideal gas constant and E the activation energy. This is valid only
at the liquid metal phase while ionization and bulk deformation are absent. Validity range is from
3695K to 10000K approximately while T, is 3695K for tungsten [26,69].

The second formula is the classic Braginskii formula of no magnetic dependence that is referred to
the parallel or perpendicular coefficient (they are the same for the low magnetized limit).

The third one is a straightforward modification of the traditional Landau-Spitzer formula for the
shear viscosity coefficient of the one-component plasma which is calculated with very high accuracy
using equilibrium molecular dynamics (MD) simulations [70]. It is valid for all the one component
ionized plasmas with coupling strength parameter I'<10.

The fourth one is an advanced formula of the third one which is a practical fit that reproduces the
viscosity coefficient across coupling regimes, from the weakly coupled regime to the solid-liquid
transition one, using equilibrium molecular dynamics simulations and the Green-Kubo relation. It is
valid for all the one component ionized plasmas with coupling strength parameter I'. This formula is
very accurate across the entire fluid regime for every coupling parameter I', while it has been
successfully validated with other MD works for 0.01<I'<200. This fit will be the reference ideal fitting
for the estimation of the other presented formulas here. The third and fourth ones are Spitzer like
formulas, where the latter, is a global fitting for every coupling and temperature regime [67].
Additionally, these last two theoretical fits are accurate for identical ions of charge Z-e, and the one
component plasma (OCP), modelling strongly coupled Coulomb systems and, in particular, ions in
strongly coupled plasmas. If '<<1 we are at the nearly collisionless, gaseous regime, while the
transition to bigger values till '>>1 is expressed through an increasingly correlated, liquid-like regime
to the Wigner crystallization to a lattice near I'. The gas-like to liquid-like crossover manifests itself in
several ways in the microscopic properties of the OCP. This approximation is flexible and appropriate
for one fluid codes (i.e. plutocode). Nevertheless instead of a constant mean ionization state these
formulas could use the mean ionization data of FLYCHK code. This implemantation could be tested
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through the simulations giving them a more dynamic plasma interaction through different plasma
densities and temperatures, correlating spatially different mean ionization states at the same instant.
For the better estimation of the value range of the previous formulas there is a graphic presentation
depiction at figure 3.25. The Z.s tabular data are extracted from FLYCHK code for tungsten plasma and
the Tiformula is the one of 3.79. These formulas are shown as isotherm functions of mass density. The
density, electron density and temperature range are the ones of the resistivity section of figure 3.18.
The InA is estimated from the Coulomb logarithm formula of the resistivity section. A cut off value is

used.
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Figure 3.25: Braginskii and Spitzer like, MD based shear viscosity coefficients. The temperature values
are the same as the ones of figure 3.18 at the resistivity section. The mean ionization state Zeg is
extracted from the modified tabular data of the FLYCHK code. The Coulomb logarithm used is InN=23-
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In(ZesTNe®?), taking into account the Zes of the ions (cut off value is 2). The liquid viscosity is
depicted at 15 gr/cm’.

Some useful observations are:

The unmagnetized Braginskii case (top graph) introduces the same density and temperature
behaviour as the unmagnetized weak coupled Spitzer/MD like (second graph) at all temperatures
range. They are of the order ~10°grcm™s™ to ~10%rcm™s™ for all temperatures. The low
temperatures of 6000K, 8000K and 10000K, have a maxima of ~10%rcm™s™ at (approximately) the
dense matter region while they are of the same order to the other temperature range (~102grcm’
s to ~10°grecm™s™) at the dense and low density plasma region.

The liquid cross marks, that are experimentally matched [69], are very close to the Braginskii/Spitzer
weak coupled case having slightly higher values till one order of magnitude smaller than the ones to
the global fit case of the third graph. We consider the third graph as a reference case and we must
not forget that at the experimental cases we could have one to two times different values
discrepancies at our estimations [64]. This could also mean that the plasma dense region behaviour
differs than the one of the liquid-plasma phase [64,69].

The third graph is the one that is multi-theoretical evaluated and is the one that is fitted for all
plasma regime from the weak coupled plasma to the solidification threshold [70]. We observe, once
again, at the dense matter region the linear density behaviour and the temperature independence
(similar behaviour at the EOS and resistivity/conductivity section). The values for densities higher
than 10™grecm™ are rising and go beyond the 10%grem™s™

b. The dependence of the growth rate of Kelvin Helmholtz instability (KHI) [71] or magnetoviscous [68]
and other viscous stress related [59], has a straightforward dependence from the viscous bulk and
shear component coefficient.

If we set B—=0 and consider that there is volumetric deformation, meaning having a compressible

plasma, we have to take in consideration both vy and vs. So possible combinations presented already
from this work, are:

i.Vb =0
and vg = vg, for 3695K < T < 10000K

ii. vy = vg = 0.96N;KgTjt; for T > 10000K

iii.v,, = 0.96N;KgTyt; for T > 10000K (3.101)
and vg = vgg

iv.vy = 0.96N;KgTit; for T > 10000K
and vg = vggp

where the symbols of the shear coefficients are the same as the ones in equation 3.100.

Il. If we take in consideration the magnetized plasma we have, the intermediate case (xi#0) and the
high magnetized one (xi>>1).

a. So the intermediate case can take in consideration the Braginskii formulas of 3.83 equations along
with the ones of 3.100 and 3.101. If we have only shear coefficient we can take:
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i.Vb =0
and vg = vg, for 3695K < T < 10000K

(3.102)
ii.Vb =0
and vg = v, or vg = v, for T > 10000K

where the symbols of the shear coefficients are the same as the ones in equation 3.83. We have to be
careful though that shear component here means that in every Cartesian direction partial spatial
derivatives of plasma velocity could survive. This is not necessarily the same as the perpendicular
viscosity coefficient of the magnetic field. It is something to be tested at the simulation runs and find
the better fitting. We will discuss this according to some specific plasma configurations.

b. For the case of magnetized plasma, but with freedom for compression deformation along each
component of plasma derivative, we have also the bulk coefficient that could be any choice of Spitzer-
like or Braginskii-like formula of equation 3.100, since they all have the same temperature, ionization
Zefs and Coulomb logarithm dependence. For the shear coefficient, we can take again the same formula
of equation 3.102.

c. For the high magnetized case we can take the Braginskii coefficients of 3.84 instead of 3.83. All the
other combinations could be the ones of Il.a or Il.b case.

We will now discuss and present the perpendicular and gyroviscous coefficients, concerning this
part of analysis as also the oncoming full component magnetized case after a few pages. The behaviour
of the v2 and v4 magnetized coefficients are depicted as a function of magnetic field and mass density
infigures 3.26 and 3.27 as isotherm surfaces 3D figures diagrams respectively.

Some observations are useful at this point to validate the previous and the subsequent estimations
for the perpendicular and gyroviscous coefficients:

The low magnetized perpendicular case introduces the same density and temperature behaviour as

the unmagnetized of the parallel coefficient of figure 3.25.

The high magnetized area has similar magnitude values, as the ones of the low magnetized, at the

dense plasma region, while it has 10 orders of magnitude reduce at the dilute plasma region for all

temperature range. These observations are profoundly demonstrated at the 2D graphs.

The low magnetized plasma presents a v coefficient of the same order of magnitude as the parallel

Vo (depicted at figure 3.25), but as the magnetic field rises, the perpendicular one reduces several

orders of magnitude. This justifies the choice of taking only the parallel coefficient at some cases

[60,66,67].

The viscosity coefficient mass density dependence is similar up to a magnetic field equal to 100

Gauss. Then, the coefficient decreases rapidly for higher magnetic values, at the low density region,

reaching the high magnetized profile of the 2D graph.
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3.26 Figure: 3D isotherm surfaces of vz Braginskii viscosity coefficient as a function of mass density p
and magnetic field strength B. The magnetic field magnitude range is 10°gauss<B<10°gauss. The mass
density is from solid to very thin plasma (19,2gr/cm><p<~10"gr/cm’®), electron density
10"e/cm’><N<10**e/cm’ and the temperature values are the same as the ones of the figures 3.18 and
3.25. The 2D graphs are the lowest (B=1 gauss) and the highest (B=10° gauss) magnetized slices of the
3D graph. The mean ionization state Z.s is extracted from the modified tabular data of the FLYCHK
code. The Coulomb logarithm used is InA=23-In(Zex T*>Ne®?), taking into account the Z.s of the ions
(cut off value is 2). The liquid viscosity is depicted at 15 gr/cm> at the 2D graphs and the temperatures

are the same of figure 3.25.
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3.27 Figure: 3D isotherm surfaces of v4 Braginskii viscosity coefficient as a function of mass density p and
magnetic field strength B. The magnetic field magnitude range is 10°Gauss<B<10°Gauss. The mass
density area range goes from the solid to the very thin plasma (19,2gr/cm><p<~10" gr/cm?), the electron
density 10%e/cm*<N.<10**e/cm> while the temperature values are the same as the ones of figures 3.18,
3.25 and 3.26. The 2D graphs are the lowest (B=1 gauss) and the highest (B=10° gauss) magnetized slices
of the 3D graph. The mean ionization state Z.s is extracted from the modified tabular data of the
FLYCHK code. The Coulomb logarithm used is InA=23-In(Z.t:T " Ne®?) taking into account the Z.g of the
ions (cut off value is 2). The liquid viscosity is depicted at 15 gr/cm? at the 2D graphs and the relevant

temperatures are the same of figure 3.25.

i. The low magnetized case gyroviscous component has the lowest values compared to the
perpendicular and parallel coefficients at all temperatures, varying from 10°grem™s™® till ~10°
Bgrem™s™t. The dense plasma region presents the smallest values up to 15 orders of magnitude
lower than the other two at the same densities. The low density plasma region has up to ~four
orders of magnitude lower values than the other two coefficients.

ii. The low magnetized case presents an almost linear decrease for all temperatures from the dilute
plasma region to the dense and solid one.

iii. The linear decrease continues up to ~100 Gauss for the magnetic field variable, while for higher
values it is transformed at the dilute plasma regime, concluding to the parabolic like shape of the
right 2D graph. It is the same transition value as the one of the perpendicular graph.
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The high magnetized case presents a parabolic-like behaviour having its maxima at the intermediate
plasma values (~10™gr/cm™), while at both edges the values are similar, of the order of ~10°grem
s! The intermediate plasma densities, at the high magnetized case have approximately the same
values for all three viscosity coefficients as presented in figures 3.25, 3.26 and 3.27. This is
something that should not be neglected in the implementation of the viscosity tensor.

Now we can make some general remarks, concerning all Braginskii viscosity coefficients. Even
though the perpendicular coefficient could be several orders of magnitude smaller than the parallel at
the magnetized case, it could play a significant role at the shear viscosity heating mechanisms in the
corona plasma (i.e. the Solar corona) [59]. Braginskii full viscosity tensor i.e. anisotropic transport of
momentum with respect to the direction of the magnetic field, could be of prime importance for
studies of the weakly collisional plasma in laboratory and astrophysical plasmas (i.e. in corona plasma
for both cases) [59,67]. Magnetic reconnection phenomena in weakly collisional highly magnetized
plasmas are affected from the presence of the parallel and gyroviscous components of the viscosity
tensor [66]. The shear dynamic plasma viscosity mitigates the R-T instability in Z-pinch configurations
[75]. The full Braginskii viscosity tensor mitigates the m=0 and m=1 modes, and can stabilize the short-
wavelength perturbations in Z-pinches [76]. As the shear viscosity increases, the growth rate of the
MRT instability is reduced rapidly in a Z-pinch configuration [77]. The gyroviscous components are
important for the explanation of experimental confinement results in collisional strong rotated
Tokamak plasmas [65].

As a conclusion of this analysis we can propose a viscous plan implementation in a fluid based MHD
code like PLUTO. First we will deal with the bulk and shear coefficients of the two component fluid
viscosity tensor.

If a single metal wire of a Z-pinch configuration has to be studied from the early plasma face to the
late magnetized plasma, we could take any of the aforementioned combinations without the bulk vy,
viscosity coefficient. We can consider the Z axis as the one of the plasma cable and we have an
azimuthal magnetic field at the XY plane. So we have bulk plasma velocities mainly at this plane leaving
the shear components to affect the creation of instabilities. But as recently presented by E. Kaselouris
et al, at early metal transition to liquid and plasma phase, plasma presents a "memory" ETM instability
dependence. It begins from the solid phase, affects the fluid and plasma instability, morphology,
creation and evolution, while the contribution of the fixed wire ends at the electrodes, producing a Z
axis stress and compression at the early plasma phase [72-74]. As a consequence, what needs to be
tested is the effect of the bulk viscosity component to the plasma density and instability evolution and
the differences we can observe without its contribution.

If we have a Z-pinch wire array, X-pinch or a Z-pinch conical wire array configuration the most
obvious choice is to take both bulk and shear components into consideration. This is due to the
presence of jets and more complicated plasma formations. The shear and bulk components would
affect the plasma jet, across and along the plasma velocities and magnetic field components. Also
there are denser, compressed and stagnation phase areas, like the X-pinch neck and central wire
arrays jet collision that would need the presence of the bulk component to contribute to denser island
formations, deformations, modulation on instability growth (i.e. MRT,KH,ETM instability e.t.c.) and
extra heating mechanisms [71-77].
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Someone could also try to combine the MD plasma coupling formulas of equation 3.101 with the
magnetized ones of Braginskii, replacing the N;KgTjt; part with the one of iii or iv of equation 3.100,
taking in consideration the Coulomb ion-ion coupling, while simultaneously ignoring the effect of the
magnetic field to the viscosity coefficient. For instance, if we combine the iv of equation 3.100
considering the appropriate MD fitting with the v1 or v, Braginskii perpendicular coefficients we could
achieve at the 3.26 graphs the linear behaviour we observe at the dense matter region in the third
graph of 3.25. It is an interesting alternative and has to be simulation tested (an analogous mixture is
proposed to the anomalous Braginskii, Saha-based, magnetically determined conductivity of 3.4.1.3
sub-section)!

B. If we use the two-fluid kinetic theory approximation for the formula of the viscosity tensor, we
should implement the whole Braginskii expression of equation 3.87 replacing the rates-of-strain-
tensors from 3.89-3.94 or 3.95-3.99. This is not a problem for one or two fluid MHD codes as long as
we replace IT in 3.8 and 3.9 with the one of equation 3.87. It has been partially implemented in some
specific cases to other works and is called the Braginskii extended MHD model [57,62,67]. We should
also have in mind the previous observations and the graph depiction of figures 3.25-3.27.

l. Setting B—0 at the low magnetized limit at the viscosity coefficients, we get:

Vo = vy =V, = 0.96N;KgTjt;and vz =v, =0 (3.103)

This is a v ~ T;%° dependence and it is a common formula to the simulations for the bulk and/or shear
viscosity coefficient for both Braginskii and Spitzer formulas [44,61,64,66,68].

Il. The high one is the simplest magnetized case. Then the unmagnetized component vo>> V1, V2, V3 ,Va
(for a direct estimation we should consider the figures 3.25-3.27). The simplest form of the viscosity
tensor originates from the equations 3.87 and 3.89, ignoring the magnetized components and
assuming the magnetic field is along Z axis, we have[60]:

I[ XX er Wyy 0 0 ]I
I = voWj; VO| 0 Wiy er Wy | (3.104)
l o 0 w,, |

where the components Wj originate from equation 3.86. (We must not forget that Wj; is a traceless
matrix giving Wxx +Wyy +W,,=0 thus Wz= -Wxx -Wyy simplifying further the presentation of 3.104
and 3.105 matrix form).

lll. The intermediate magnetized case (Xi#0) preserving all five components for a Z axis directed
magnetic field, leads to [44,59]:

Wi + Wyy Wy — Wyy
Iy = Vo > +vq > +v3;Wyy
Wiy + Wy Wix — Wyy
My, = v, > -V > —v3W,yy (3.105)
Wix + Wyy
My, =My = viWyy —v —
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l-lxz = l-[zx = VZsz + V4Wyz
l-[yz = sz = VZwyz — vy Wy,
l-[zz = Vszz

IV. If we consider the case of a single Z-pinch wire for the magnetized case (xi#0) and the cable is
along Z axis, the magnetic field components are on the XZ plane according to figure 3.28,

magnetic line

“x

vY
Figure 3.28: Slice of a Z-pinch plasma cylinder, radius R, at the XY plane.

where the Z positive direction and the current density ] are pointing outwards to the observer's
eye.

The radial distance and the magnetic field components are related to the Cartesian coordinates
through the expressions:

r = 1/yz + XZ (3106)

and for the azimouthal magnetic field :

) X4

—cosq i | r |

= |B|(r)&, = |B|(r)| sing]j =|B|(r|z l
0 [r J (3.107)

where the r and ¢ are the polar coordinates, ey, €r are the unit polar vectors, i, j, k are the unit
Cartesian vectors and x,y are the Cartesian coordinates of the origin of the magnetic field vector. The
aforementioned unity vector b of the previous analysis becomes,

N
B, _[Teosen |
® = &p=| singj |=1¥. |
|B|(r) 0 o)
X (3.108)
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and supposing the situation of the dominant v coefficient of the Il magnetized case we have:

Hii = H()i]' = VowOii where

1
3vp(by % — 3) (by*Wyy + b,> W,y + 2b, by Wy
2

HOXX =

3vo(by” — %) (by* Wiy + by > Wy, + 2byb, Wy
Moy = 2

(3.109)

3vobyby (b, *Wyy + by * Wy + 2b, b W,y
HOXY = l-Iny = B

l-10zy = l-[0yz = Moy, = Moz =0
X
where b = (bx,by, 0) = (— F’%’ 0) and W, = — (Wi, +Wyy)

These are some cases of the non/low magnetized and magnetized viscosity case. Again the
coefficients could properly change at the high magnetized limit. The IV magnetized case is an example
of one experimental occasion at the high magnetized limit mostly ignoring again the perpendicular and
gyroviscous coefficients. The X-pinch and wire array cases could implement the whole package of the
five viscosity components, as mentioned previously, due to the three component presence of the
magnetic field, especially at later simulation times, where the jets are a significant part of the plasma
formation. Coronal plasma evolution and mitigation of the magnetoviscous instabilities are
considerably affected by the full component viscosity as we previously discussed [75-77]. The plasma
viscosity also presents a stabilization effect and the effectiveness of such a mechanism is enhanced
with the perturbation wavenumber and the value of the viscosity parameter increasing, as mentioned
in [77]. Similar and more bold approaches have been recently tested by J. D. Pecover and J. P.
Chittenden [78], implementing a material strength model in GORGON to improve simulation of the
solid phase of liner implosions which, when applied to simulations exhibiting the Electro-Thermal
Instability (ETI) and “Electro-Choric” Instability (ECI), gave a significant increase in wavelength and
amplitude, having a better simulation agreement with the experiment than previous randomly
initialized results.

Concentrating the proposed viscous analysis, the flow chart below presents the possible
combinations of the Newtonian fluid/gas approximation and the magnetized Braginskii one.
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Braginskii magnetized five N=Ng+N+M+N5+M,
component viscosity (equation 3.87)

o

Viscosity coeftficients o
3.83,3.84 0r 3.100-3.102 or MHD viscosity tensor N
modification/combination in equation3.8 & 3.9

formulas

Newtonian fluid/gas M=+
approximation with two -
component viscosity (equation 3.10)

Figure 3.29: Flow chart of the viscosity tensor scheme through the two different approach
approximation of this analysis.

3.5 Summary/Conclusions

All these propositions and fittings are for an MHD, one-fluid plasma scheme. General observations for
the radiation transport, optically thin losses, conductivity/resistivity, thermal conductivity, viscosity
scheme and propositions for the best fittings are as follows:

1. The aforementioned fits in this chapter are for every phase of the matter evolution (solid, liquid/gas,
plasma) useful for codes that are using transition matter phases. The electrical conductivity, thermal
conductivity and viscosity have piece-wise fittings from the solid phase density and temperature of
100K till temperatures of hundreds (or more) of eV and densities from the dense/overdense matter
~10%gr/cm? to the very dilute region of ~10'gr/cm’.

2. The classical theory of the Coulomb logarithm is not valid at the dense matter region for low
temperatures presenting non-physical values. This is fixed using the Born approximation! If we
consider the classical formula a lower cut-off value is needed, but the discrepancies there are obvious
at the dense matter (especially at lower temperatures), introducing underestimations of some orders
of magnitude at the dense/overdense regime.

3. The maxima at the thermal conductivity and viscosity coefficients graphs for 6000K, 8000K and
10000K and all the low temperature regime, should be tested further for its accuracy. Even though we
have good agreement with three other results for the thermal conductivity from experiment and
semiempirical data, it does not prove that another fitting could not be more appropriate. The
introduction of the Coulomb logarithm by the Born approximation introduces a similar-like behaviour
of these two with the conductivity graphs (presenting local minima instead of maxima at the dense
matter/low temperature region i.e. in figure 3.24). We must not also forget that the estimations from
the FLYCHK code for Zss have larger uncertainties at the low temperature/dense matter range and
were modified.
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4. On the contrary we see (surprisingly?!) a similar behaviour of every physical variable isotherm as a
function of mass density. More specifically:

i. The conductivity o=f(p,T), thermal conductivity coefficient k= f(p,T), and viscosity unmagnetized
coefficient vo= f(p,T), have an almost steady density and almost linear temperature rise dependence at
the dilute plasma region. The MGGB/SESAME based EOS P=f(p,T) has a linear rise behaviour as a
function of density also at the same low density region.

ii. The dense matter region (>10"gr/cm?®) for temperatures of 6000K, 8000K and 10000K has local
minima at ~10gr/cm®-~10°r/cm® (i.e. in conductivity, thermal conductivity, EOS presentation) or
maxima (unmagnetized viscosity coefficient) displaced at the lower density matter region (10%gr/cm>-
10°gr/cm?).

iii. The dense/overdense matter region presents a linear rise-like behaviour as a function of mass
density, almost temperature independent for all cases (EOS, conductivity, thermal conductivity,
unmagnetized parallel/MD viscosity). This is achieved effortlessly for the conductivity and thermal
conductivity through the usage of the Coulomb logarithm by the Born approximation, otherwise we
need a piece wise function with an exponential and linear/parabolic fit, as we saw at the conductivity
subsection!

iv. The local minima of the resistivity/conductivity is implemented with an exponential fit through a
piece wise function, but it can be fitted (probably better) with a linear mixture of the resistivities or
collision frequencies including, to the model, populations of neutral atoms that are defined from the
non-ideal Saha equation.

The agreement with the experiment and literature is remarkable for the conductivity/resistivity

variable at any approximation fitting!
5. The implementation of the magnetic field presents a similar behaviour with the unmagnetized one
at the very low value regime of the magnetic induction, but at the mid and high value region we see a
correction of the conductivity (anomalous Braginskii-like) and viscosity's components parallel and
perpendicular to the magnetic field that could reach 15 orders of magnitude lower values! The same
holds for the transverse coefficients of the thermal conductivity but there is no depiction at the
relative subsection. The growth rate and dynamic evolution of the plasma instabilities are key sensitive
to the magnetic field modulation of these physical variables, especially at the dilute plasma region
where the differences with the unmagnetized one are many orders of magnitude as we just
mentioned.

Conclusively, these formulas provide us a major variety of combinations and extra cases that are not
discussed here, but could be simulation implemented, tested and experimentally validated.

Moreover, we must not forget that we could try piece wise functions at different plasma areas due
to different physical modules that could be dominant there. For instance, at the plasma vacuum
interface and at the low density background plasma we could use equation 3.58 formula for resistivity
that is representative of MHD codes that smooth the transition to a large background resistivity. For
the thick metal plasma region we could use the 3.57 piece wise or the Saha-based linear mix formula
of 3.61 and so on!

Another situation of different implementation areas could be the use of fluid/gas viscosity
coefficients at the corona plasma of a Z-pinch or at the corona and the plasma jet of an X-pinch
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configuration and magnetically defined at the thicker core and pinch area. The transition switch could
be the magnitude of the magnetic field | B|.

All these equations, functions and tabular data are compatible and can be implemented in the one-
fluid MHD code PLUTO or to any other MHD code that uses similar equation scheme.

References

[1] J. P. (HANS) GOEDBLOED AND STEFAAN POEDTS, "PRINCIPLES OF MAGNETO-HYDRODYNAMICS with Applications to
Laboratory and Astrophysical Plasmas", Cambridge University Press 2004, pg .178-183

[2] http://plutocode.ph.unito.it/PLUTO User's Guide v.4.2.

[3] L. Spitzer Jr., "Physics of Fully lonized Gases" Interscience Publishers ING, New York, 1962.

[4] Lennox L. Cowie and Christopher F. McKee, "THE EVAPORATION OF SPHERICAL CLOUDS IN A HOT GAS. |. CLASSICAL AND
SATURATED MASS LOSS RATES", The Astrophysical Journal, 211:135-146, 1977 January 1.

[5] V.E. Fortov, L.V. Lomonosov, "Equations of State of Matter at High Energy Densities”, The Open Plasma Physics Journal,
3,122-130, (2010).

[6] T-4 Handbook of Material Properties Data Bases, Vol Ic: Equations of State, LA-101 SO-MS, UC-34, Issued November
1984.

[7] SESAME THE LOS ALAMOS NATIONAL LABORATORY EQUATION OF STATE DATABASE, LA-UR_92_3407.

[8] Kashiwa B. A., "The MGGB Equation-of-State for Multifield Applications: A Numerical Recipe for Analytic Expression of
Sesame EOS Data", LA-1442 ,September 2010. http://www.doe.gov/bridge

[9] Yuri Ralchenko, "Modern Methods in Collisional-Radiative Modeling of Plasmas", Springer International Publishing
Switzerland 2016.

[10] J. J. MacFarlane, P. Wang, G. A. Moses, "Non-LTE radiation transport in moderate-density plasmas", Laser and Particle
Beams (1990), vol. 8, no. 4, pp. 729-740.

[11] J. P. Apruzese et al, "The physics of radiation transport in dense plasmas", PHYSICS OF PLASMAS VOLUME 9, NUMBER
5 MAY 2002.

[12] 1. Yu. Vichev, V. G. Novikov, and A. D. Solomyannaya , "Modeling of the Emission Spectra of Tungsten Plasma" ,
Mathematical Models and Computer Simulations, 2009, Vol. 1, No. 4, pp. 470-481.

[13] Tungsten Charge State Distribution by FLYCHK NLTE Kinetics Calculation at NIST by International Atomic Energy
Agency- Atomic Molecular Data Services provided by the Nuclear Data Section.

[14,] A. S. Richardson, NRL PLASMA FORMULARY, 2019.

[15] H.-K. Chung et al., "FLYCHK: Generalized population kinetics and spectral model for rapid spectroscopic analysis for all
elements", High Energy Density Physics 1 (2005) 3-12.

[16] T. Putterich et a., "Calculation and experimental test of the cooling factor of tungsten", Nucl. Fusion 50 (2010) 025012
(9pp).

[17] D. E. POST et al, "STEADY-STATE RADIATIVE COOLING RATES FOR LOW-DENSITY, HIGH-TEMPERATURE PLASMAS",
ATOMIC DATA AND NUCLEAR DATA TABLES 20, 397-439 (1977).

[18] J. Larsen lonization, "In Foundations of High-Energy-Density Physics: Physical Processes of Matter at Extreme
Conditions" 2017 (pp. 122-184), Cambridge University Press, doi:10.1017/9781316403891.005.

[19] P. Beiersdorfer et al, "Atomic physics and ionization balance of high-Z lons: Critical ingredients for characterizing and
understanding high-temperature plasmas", High Energy Density Physics 8 (2012) 271-283

[20] Alexander E. Kramida , Joseph Reader, "lonization energies of tungsten ions: W2+ through W71+", Atomic Data and
Nuclear Data Tables 92 (2006) 457-479.

[21] Stefan M. Kolb, Matthias Stute, Wilhelm Kley, Andrea Mignone, "Radiation hydrodynamics integrated in the code
PLUTO", A&A 559, A80 (2013).

[22] J. Colgan et al., "A NEW GENERATION OF LOS ALAMOS OPACITY TABLES", The Astrophysical Journal, 817:116 (10pp),
2016 February 1.

[23] TOPS Opacities/Opacities of mixtures (calculated by TOPS using ATOMIC or LEDCOP elemental opacities)
https://aphysics2.lanl.gov.

111


http://plutocode.ph.unito.it/
http://www.doe.gov/bridge
https://nlte.nist.gov/FLY/
https://aphysics2.lanl.gov/

[24] G. D. TSAKIRIS and K. EIDMANN, "AN APPROXIMATE METHOD FOR CALCULATING PLANCK AND ROSSELAND MEAN
OPACITIES IN HOT, DENSE PLASMAS", J. Quant. Spectrosc. Radiat. Transfer Vol. 38, No. 5, pp. 353-368, 1987.

[25] A. W. DeSilva and J. D. Katsouros, "Measurement of the Electrical Conductivity of Metals in the Vicinity of the Critical
Point", International Journal of Thermophysics, Vol. 20, No. 4, 1999, pp. 1267-1277.

[26] P. Tolias, "Analytical expressions for thermophysical properties of solid and liquid tungsten relevant for fusion
applications", Nuclear Materials and Energy 13 (2017) pp. 42-57.

[27] R.S. Hixson and M.A. Winkler," Thermophysical Properties of Solid and Liquid Tungsten" , International Journal of
Thermophysics, Vol. 11, No. 4, 1990, pp. 709-718.

[28] Toru Sasaki et al, "A Semiempirical Evaluation of the Thermal Conductivity in Ablated Dense Tungsten Plasma" , IEEE
TRANSACTIONS ON PLASMA SCIENCE, vol. 40, NO. 12, DECEMBER 2012, pp. 3455-3457.

[29] D. Sheftman and Ya. E. Krasik, "Investigation of electrical conductivity and equations of state of non-ideal plasma
through underwater electrical wire explosion", PHYSICS OF PLASMAS 17, 112702 (2010).

[30] A. D. Rakhel, V.N. Korobenko, A. I. Savvatimski and V. E. Fortov, "Electrical Conductivity of Tungsten in a Continuous
Transition from Condensed to Gaseous State", International Journal of Thermophysics, Vol. 25, No. 4, July 2004, pp. 1203-
1214.

[31] A.W. DeSilva and A. D. Rakhel, "Electrical Resistivity and Thermodynamic Properties of Dense Tungsten Plasma",
International Journal of Thermophysics, Vol. 26, No. 4, July 2005, pp. 1137-1149.

[32] Zhijian Fu et al, "Electrical conductivity of warm dense tungsten", High Energy Density Physics , Volume 9, Issue
4, December 2013, Pages 781-786.

[33] A.W. DeSilva and A. D. Rakhel, "Progress in Measurements of the Electrical Conductivity of Metal Plasmas", Contrib.
Plasma Phys. 45, No. 3-4, 236-242 (2005).

[34] Jun Huang et al, "Numerical investigation on the implosion dynamics of wire-array Z-pinches in (r,0) geometry",
PHYSICS OF PLASMAS 19, 062701 (2012).

[35] Z J Fu et al, "Electrical conductivity and nonmetal-metal transition of dense iron and nickel plasmas", Phys. Scr. 85
(2012) 045502 (8pp)

[36] Mofreh R. Zaghloul, "A simple theoretical approach to calculate the electrical conductivity of nonideal copper plasma",
PHYSICS OF PLASMAS 15, 042705 2008

[37] M. P. Desjarlais, "Practical Improvements to the Lee-More Conductivity Near the Metal-Insulator Transition", Contrib.
Plasma Phys. 41 (2001) 2-3, pp. 267-270.

[38] W. Ebeling et al "Thermophysical Properties of Hot Dense Plasmas", Teubner-Verlag, Stuttgart, 1991, Chap. 6, Sec. 5.
[39] Mofreh R. Zaghloul et al, "Energy-averaged electron—ion momentum transport cross section in the Born Approximation
and Debye—Huckel potential: Comparison with the cut-off theory", Physics Letters A 266 (2000)34-40

[40] Mofreh R. Zaghloul et al, "On the average electron—ion momentum transport cross-section in ideal and non-ideal
plasmas", Physics Letters A 262 (1999) 86—-89

[41] P. Mulser et al, "Revision of the Coulomb logarithm in the ideal plasma", PHYSICS OF PLASMAS 21, 042103 (2014).

[42] M. Mitchener, C.H. Kruger, Partially lonized Gases, Wiley, New York, 1973

[43] Peter Schwerdtfeger & Jeffrey K. Nagle (2018): 2018 Table of static dipole polarizabilities of the neutral elements in the
periodic table, Molecular Physics, DOI: 10.1080/00268976.2018.1535143

[44] S.I Braginskii, "Transport processes in a plasma", Reviews of Plasma Physics, Volume 1, 206-311 (1965).

[45] J. P. Chittenden, "The effect of lower hybrid instabilities on plasma confinement in fiber Z pinches", Physics of Plasmas
2, 1242 (1995); doi: 10.1063/1.871401.

[46] J. P. Chittenden, "Structural Evolution and Formation of High-Pressure Plasmas in X Pinches", PRL 98, 025003 (2007).
[47] J. P. Chittenden et al, "Plasma formation in metallic wire Z pinches", PHYSICAL REVIEW E VOLUME 61, NUMBER 4 APRIL
2000.

[48] A. Ciardi et al, "The evolution of magnetic tower jets in the laboratory", PHYSICS OF PLASMAS 14, 056501 2007.

[49] Stephen Jardin, " Computational Methods in Plasma Physics", CRC press, Taylor and Francis Group 2010, LLC.

[50] Satoshi Sugimoto et al, " Observation of the thermal conductivity of warm dense tungsten plasma generated by a
pulsed-power discharge using laser-induced fluorescence", PHYSICS OF PLASMAS 24, 072703 (2017).

112


https://www.sciencedirect.com/science/journal/15741818/9/4
https://www.sciencedirect.com/science/journal/15741818/9/4

[51] Frank Modica et al, "The Braginskii model of the Rayleigh-Taylor instability. I. Effects of self-generated magnetic fields
and thermal conduction in two dimensions", High Energy Density Physics 9 (2013) 767-780.

[52] Xiao-Guang Wang et al, "Numerical study on magneto-Rayleigh-Taylor instabilities for thin liner implosions on the
primary test stand facility", ,Chin. Phys. B Vol. 28, No. 3 (2019) 035201.

[53] S. Orlando et al, "THE IMPORTANCE OF MAGNETIC-FIELD-ORIENTED THERMAL CONDUCTION IN THE INTERACTION OF
SNR SHOCKS WITH INTERSTELLAR CLOUDS", The Astrophysical Journal, 678:274-286, 2008 May 1.

[54] Leonardo Di G. Sigalotti et al, "Propagation of thermal and hydro-magnetic waves in an ionizing-recombining hydrogen
plasma", PHYSICS OF PLASMAS VOLUME 11, NUMBER 4 APRIL 2004.

[55] Eleuterio F. Toro, "Riemann solvers and numerical methods for fluid dynamics", 2 ed., Springer-Verlag Berlin
Heidelberg, 1997.

[56] L. D. Landau, E. M. Lifshitz, "Fluid mechanics", 2 ed., Pergamon Press, Oxford, 1987.

[57] R. Erdélyi, Marcel Goossens, "Viscous computations of resonant absorption of MHD waves in flux tubes by fem",
Astrophysics and Space Science March 1994.

[58] Steven A. Balbus, "VISCOUS SHEAR INSTABILITY IN WEAKLY MAGNETIZED, DILUTE PLASMAS", The Astrophysical
Journal, 616:857—-864, 2004 December 1.

[59] L. Ofman, J.M. Davila, "Coronal heating by the resonant absorption of Alfvén waves: The effect of viscous stress
tensor", The Astrophysical Journal, 421:360-371, 1994 January 20.

[60] Alemayehu Mengesha, S. B. Tessema, " Effect of viscosity on propagation of MHD waves in astrophysical plasma", J.
Plasma Physics (2013), vol. 79, part 5, pp. 535-544.

[61] Richard Fitzpatrick, "lecture notes a graduate level lecture course", The Institute for Fusion Studies, The University of
Texas at Austin Spring 1998.

[62] S. S. Cerri et al, "Extended fluid models: Pressure tensor effects and equilibria", PHYSICS OF PLASMAS 20, 112112
(2013).

[63] Thomas Berlok et al, "Braginskii viscosity on an unstructured, moving mesh accelerated with super-time-stepping",
Monthly Notices of the Royal Astronomical Society, Volume 491, Issue 2, January 2020, Pages 2919-2938,
https://doi.org/10.1093/mnras/stz3115.

[64] L.A. Dorf et al, "Measurements of velocity shear and ion viscosity profile in a magnetohydrodynamic plasma jet",
PHYSICS OF PLASMAS 17, 102101 (2010).

[65] W. M. Stacey Jr. and D. J. Sigmar, "Viscous effects in a collisional tokamak plasma with strong rotation", Phys. Fluids
Vol. 28, No. 9, September 1985.

[66] Richard Fitzpatrick, "Magnetic reconnection in weakly collisional highly magnetized electron-ion plasmas", PHYSICS OF
PLASMAS 17, 042101 ( 2010).

[67] D. MacTaggart et al, "Braginskii magnetohydrodynamics for arbitrary magnetic topologies: coronal applications, J. Fluid
Mech. (2017), vol. 826, pp. 615-635.

[68] Tanim Islam, Steven Balbus, "DYNAMICS OF THE MAGNETOVISCOUS INSTABILITY", The Astrophysical Journal, 633:328—
333, 2005 November 1.

[69] T. Ishikawa et al, " Viscosity of molten Mo, Ta, Os, Re, and W measured by electrostatic levitation", J. Chem.
Thermodynamics 65 (2013) 1-6.

[70] Jéréme Daligault et al , "Determination of the shear viscosity of the one-component plasma", PHYSICAL REVIEW E 90,
033105 (2014).

[71] E. Roediger et al, "Viscous Kelvin—Helmholtz instabilities in highly ionized plasmas", MNRAS 436, 1721-1740 (2013).
[72] E. Kaselouris et al, "The influence of the solid to plasma phase transition on the generation of plasma instabilities",
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02000-6.

[73] E Kaselouris et al, "Preliminary investigation on the use of low current pulsed power Z-pinch plasma devices for the
study of early stage plasma instabilities", Plasma Phys. Control. Fusion 60 (2018) 014031 (8pp).

[74] E. Kaselouris et al, "Growth rate studies of the electro-thermo-mechanical instability and its role as seeding mechanism
for the generation of plasma instabilities" (to be published in PRL).

[75] QIU Xiao-Ming et al, " Stabilization of Viscosity on Rayleigh-Taylor Instability in Z Pinches", CHIN.PHYS.LETT., Vol. 21,
No. 4 (2004) 689.

113


https://doi.org/10.1093/mnras/stz3115

[76] P. M. Cox, "Resistive and viscous effects on z-pinch stability", Plasma Physics and Controlled Fusion, Vol. 32, No. 7, pp.
553 - 563, 1990.

[77] Zhang Yang, Ding Ning, "Stability analysis of viscous Z-pinch plasma with a sheared axial flow", Chinese Physics B, Vol
17 No 8, August 2008.

[78] J. D. Pecover and J. P. Chittenden, "Instability growth for magnetized liner inertial fusion seeded by electro-thermal,
electro-choric, and material strength effects", PHYSICS OF PLASMAS 22, 102701 (2015).

114



CHAPTER 4
INTRODUCING PHYSICAL AND MATHEMATICAL MODULES IN PLUTO

In this chapter, the one-fluid MHD code PLUTO is described as well as the numerical and mathematical
schemes implemented and/or improved, by the author, and the new modifications performed. Such
modifications are essential to describe laboratory metallic plasmas such as tungsten, copper or
aluminum used in X-pinch or Z-pinch configurations surrounded by a second thin plasma material like
plasma air that is perceived as the low density plasma background.

Most of the physical modifications are discussed at Chapter 3, but here we will introduce extra
information over the physical, mathematical and numerical implementation procedure of these
modifications to the code and the significance they have along the simulation run.

GORGON is the second code, already widely tested, for laboratory plasmas which was used in this
research as supplementary tool to evaluate our implementations.

The choice of the appropriate Riemann solver and boundary conditions for the computational box
are also analyzed and discussed here! The magnetic field initial topology and the correct updating
along the simulation run are among of the most important parameters for the dynamic plasma
evolution, pinching procedures and the interplay between thermal and magnetic pressure! The
magnetic field topology is seeded here at the very first moment of the simulation, satisfying the
Ampere's law and the Stokes theorem along the execution run for the whole volumetric computational
territory, correlating the magnetic induction with the current density, updating the induction
magnitude as a function of time accordingly with the temporal sinusoidal form of the experimental
current (more detailed discussion at the Results Chapter).

The temperature deviations and the diffusion of all the physical variables are affected from the

radiation modules of optically thin losses, but mostly from the radiation transport module (also see
physics analysis at Chapter 3 PART | and the Results Chapter at the 5.2 and 5.4 section). These are
some of the modules and code switches we used and are presented in this Chapter.
Furthermore, there will be a thorough discussion for the initial conditions of the primitive physics
variables and the best implementation scheme for specific plasma configurations. Not only do we
describe the nowadays work, but we also display examples for future work and configurations such as
Z-pinch wire arrays and conical arrays. In addition, we introduce mathematical details for the
coordinate transformation concerning the spatial plasma and magnetic field implementation from the
Local to the Global Cartesian coordinate system.

There are more than one set of suitable initial conditions at most cases, so we will present
alternative choices wherever it is convenient. More specifically, there is a presentation of four
different pinch configurations initial condition analysis focusing on the coordinate transformation
(from the Local to the Global system) of the primitive physics variables and the magnetic field
topology. Testing the validity of this transformation, creating "cold" start initial conditions, preliminary
results are presented for a two cable X-pinch configuration, providing insights for the physical
mechanisms at the initial stages of the plasma jets creation. The spatiotemporal evolution of the Local
and the Global magnetic field and the mass density, of a low current, four cable Z-array configuration,
is also presented and discussed.
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The version of PLUTO used for this work is v.4.2, so all the implementations and modifications are
for this specific version (of course it can be expanded to v.4.3 and other future versions). The details
for the code, the modules and the download procedure can be found in reference [1].

It should me mentioned here, that all the implementations, modulations and mathematical
transformations that are discussed here can be introduced to any MHD one-fluid (or two-fluid) code.

4.1 Mathematical/Physical model of Local plasma centered Z-pinch and X-pinch
configuration

In this section we will describe the coordinate relation of a Local centered plasma formation to the
Global Cartesian coordinate system x,y,z. There will be a thorough presentation for the geometry
fitting of the physical variables, analyzing especially the magnetic field topology being the most difficult
task (along with the boundary conditions) for an MHD simulation. The "secret" is the migration from a
Local coordinate system of a specific plasma formation to the Global and vise versa. It is crucial
because the simulation run is very sensitive for its evolution to the initial condition set and the
appropriate spatial geometry of the physics variables at the same moment. These geometry
implementations can be seeded at any MHD computational code. So apart from PLUTO we, at the next
section present an X-pinch example simulation of another MHD code, GORGON.

Suppose we have one random Local plasma formation, inside a Global spatial domain that has its
spatial center at the origin of the local X;YiZ; Cartesian system. A convenient plasma geometry that
applies in our case is the cylindrical Local centered formation of a Z-pinch plasma. The understanding
of the Local behavior at this formation is the key to describe the initial conditions for the other
complex formations like X-pinch, Z-pinch wire arrays and conical wire arrays. This analysis also has no
limits for the plasma geometry as long as we can express all the physical variables to Local Cartesian
coordinate functions. Then a superposition of the physics variables, of all the Local plasma
configurations, is adopted to describe the whole plasma variable formation to the Global system.

From now on, along this analysis, the Local spatially displaced coordinate system will be denoted as
(X;,Yi,Z;), the Global coordinate as (x,y,z) and the Local rotated as (x;,y;,z;). If displacement and rotation
take place, we will use the convenient notation of the last one, (x;,yi,z).

4.1.1 Mathematical description of the displacement and rotation of the Local Axis
coordinate system relative to the Global one

Suppose the origin of a single wire is displaced to the (xoiyoi,Zoi) point of the Global system where
i=1,..,n and n denotes the number of the Local plasma formations (figure 4.1). The Galilean relations
between the Local and Global coordinates are:

Xi=X-Xoi

Yi=y-Yoi (4.1)
Zi=2-Z0
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Figure 4.1: Presentation of the Local coordinate (X, Y;,Z;) and its displacement to the Global (x,y.z).

Then we can rotate the Local system with the rotation axis as the Local Xj, counter clockwise with a
positive rotation angle ay; (consider right handed Cartesian systems). The new coordinates are related
to the old ones through the rotation matrix Rx:

0 Xi X — Xoi
[y.] [ cosa1l sinaq; | |Yi| = Rx [y - YOi]
—sinay; cosaq;l LZ; Z — Zoj (4.2)

Az

Zoi

\J><

Voi Y

D,

Figure 4.2: Presentation of the Local coordinate (x;y,z;) and its rotation angle ai;; compared with the
Local (X, Y;,Z;) and its displacement to the Global (x,y,z).

If the rotation is similar but to the Y; axis with a positive rotation angle a,; the coordinates are related:

cosazl —sinay;] X X — Xoi
[YI] [ 0 Yi = Ry y-— YOi]
sinay; cosay; 11Z; Z— Zyi (4.3)
and finally for the Z; rotation axis with a positive rotation angle as; we have:
Xj cosas; sinag; O0][X| X — Xoi
Vi| = |—sina3; cosaz; O||Yi| =Rz |Y — Yoi (4.4)
A 0 0 111Z; Z— Zy; '
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These rotations are separate from each other. If we want to rotate more than once, we have to
multiply the Local Galilean system with the Rotation matrices, i.e. :

Xi Xll X”l Xj
RXRYRZ Yi = RXRy Y’i = Rx Y”i = IYI]
Zi Z,i Z”i Z; (45)

This is a rotation first around the Z; axis, second a rotation around the new Yi' axis and third a rotation
around the second rotation X; axis. So with these displacements of the axes origin and the rotation
matrices we can have any symmetric plasma configuration of one or more parts anywhere in space
and with any orientation inside the computational domain.

When cylindrical plasma geometry is considered, we introduce some extra definitions for the Local
system. The presentation is also for the magnetic field components that are vital to have a correct
geometry displacement and rotation for the initial conditions of the problem. In this case, for simplicity
reasons, we consider no displacement of the Local Axis origin due to the Global one. If there is such a
displacement after the rotation transformation, we can use the 4.1 Galilean equation correlation and
replace the Local X;,Y;,Z at the 4.3, 4.4 and 4.5 with the ones of 4.1. A specific example of both rotation
and displacement is the Conical array case that will be presented in a few pages. Our assumption is for
an infinite plasma cylinder that has an azimuthal magnetic field topology! This holds for the central
plasma of an X-pinch or a Z-pinch configuration and is not correct for the plasma near the electrodes.
This analysis is valid for most cases due to the smaller computational domain than the experimental
one.

a. If the plasma cylinder is along the x; Local axis with current density J at the same direction of the
positive x; axis, we have:

magnetic line

v Zj

Figure 4.3: Presentation of the y;z; slice of the Local coordinate system, the illustration of the plasma
cylinder slice and the azimuthal magnetic field line.
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and for the azimouthal magnetic field :

%]

0 _
B; = Bi(r))e, = Bi(r;) | —sing| = B;(r)| n
cos@ Yi J (4.7)
I

i. If the rotation is around the X; Axis we have:

0 i 0
RN B; (T B: (1 ] X
B; = B;(r)) [ —SingJ, =( i 1)>[0 —z; y;]Rx i] =( 1 (i) (—zjcosay;—yjsinay;)j
cosg k, fi k fi 7| (—zsinay+ycosa k| (4.8)

where 1}, j; , K, are the rotated unit vectors of the Local system and 1, , k are the ones of the Global.

ii. If the rotation is around the Yj Axis :

0 i yisinay;i
. ~ B; (1; . B; (1; .
B; = B;(r;) | —sSInQ J,| = < lf l)>[0 —z; VilRy|j|= ( IE J) —Zj)
cos@k, i Kk I 7 |yicosay k (4.9)
iii. If the rotation is around the Z; Axis :
0 i z;sinag;i
—sino 1 B;(r;) - Bi(ry | 7 T3
Bi = Bi(ri) s ;| = [ 0 — Z; yl] Rz J| = Z;C0sag;)
cos@k, fi k d yik (4.10)

b. If the plasma cylinder is along the y; Local axis with current density J at the same direction of the
positive y; axis, we have:

ri = Ziz + Xiz (411)
and for the azimouthal magnetic field :
[Z]
cosp N
B; = Bi(r)e, =Bi(r)| 0 |[=Bi(@)| 0 | (4.12)
—sing [_ ﬁJ '
G

i. If the rotation is around the X; Axis we have:
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z.
[ —li; ] A z:1
bno | By : B;(r;) A
Bi=Bi| 0 |=(=2)(m 0 —xiRx|j| = (= )| xsinay]
[—xi EnJ i % i /| —x;cosagk (4.13)
l-l
ii. If the rotation is around the Y; Axis
Z.
[ 25 ] . i e
| i | B;(r;) L B,(r,) (zjcosay;—x;sinay;)i
B,=B;(r)| o |= [z 0 —x;IRy|j|= 0 )
l—xi EIJ T k i (—z;sina,; —x;cosa,;)k (4.14)
l“l
iii. If the rotation is around the Z; Axis:
[ Z'A ]
| B.(r i B. (1. Z;cosas;l
B; = B;(1))| 0 [ = ( (1)>[ z; 0 —x;|Rz|]j =( 1(ri) z;sinag;j
|—x- lJ| I i T —x;k (4.15)

c. Finally, if the plasma cylinder is along the z; Local axis with current density ] at the direction of the

= |y +xf (4.16)

positive z;j axis, we have:

and for the azimouthal magnetic field :

[~ ¥
—sing | 1
B; = Bi(rj)ey, = Bi(r)) | cose | = Bi(r)| Xi |
0 | I | (4.17)
l o |
i. If the rotation is around the X; Axis we have:
Yi
AT A .
| 'l B(r i B. (T —yil
B; = B;(r)] Xi . |:< lf J)[ Vi X; OJRx|] =< IE ) XjCOsay;j
{ I h Jl ! i( ! XiSinaliAk (418)
0
ii. If the rotation is around the Y; Axis
—¥ig]
| n 1| B ) i B,(r,) —y;jcosay;l
Bl:B-r)lﬁf [ = 1) -yi X; O]JRy|j :<l.l Xi) (4.19)
[ I J k ! y;sinay; k
0

120



iii. If the rotation is around the Z; Axis:

[_&i;] . . .
| 6| /By 1 B, (r;)\ [ (TYicosasi — x;sinag;)i
B, = B,(r)| Xi . |= [-y; x; OJRz|j|= (xjcosaz; — yjsinas;)j
=5 T ) - 3 3 42
I ! k ! 0 ( ' 0)
0

It should be mentioned here that all the Cartesian coordinates of the Local system (x;y;,z) that we
present at the final equality of each of the above equations, are correlated to the ones of the Global
(x,y,z) through the rotations and displacements of the 4.1 to 4.5 equation system!

4.1.2 Specific Examples

All examples discussed here are based on a cylindrical plasma configuration geometry of single-wire (Z-
pinch) or more displaced cylinders (wire array Z-pinch) or rotated cylinders (two- wire X-pinch) or a
combination of rotation and displacement (conical arrays Z-pinch).

A. Z-pinch of a single wire

The single wire Z-pinch configuration is the simplest one. The Local and Global system can be identical
for this case. We can have any of the Local/Global Axis as the plasma cylinder's Axis e.g. z Axis. If we

consider no rotation we have:

i=1 due to single wire
(%01, Yo1, Z01)=(0,0,0)
(a11, @21, a31)=(0,0,0)
X1 =X1=X

y1=Y1=y
71 =721=%

withr; = /yf + x§ (4.21)

For the scalar variables such as thermal pressure P and mass density p we perform a Local Gaussian
or Parabolic fit distribution (satisfying the Bennet equilibrium relation) or a Linear combination of
these two. Depiction of mass density profiles and the related lineout graphs at the initial simulation
time will be given at the related sub-section of section 4.2 from the output data of the code.

These approaches permit us to consider only one function for the whole computational domain that
is rapidly decreasing outside the plasma cylinder. For the azimouthal magnetic field we have:
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_ Y147
—sing | r |
B; = B;(r))ey, = B;(r;) | cosq | =B (r)] g | (4.22)
0 Irq J
0

The definition of ry can also affect the current density profile if we want to take into account the
skin effect [2] (discussed in 2.1.1 sub-section).
Thus, the magnetic field magnitude in equation 4.22 for a single plasma cylinder in c.g.s is:
ry
4m ) T, (O)rdr
By(r) = —>—— (4:23)
c rq
These profiles will be presented at visualization section 4.2.
Of course any displacement for the axes origin and any rotation according to the previous analysis
can be used.

B. Wire Array Z-pinch configuration

The Wire Array configuration consists of n parallel cables that have one of the Global axis as the
symmetry axis, i.e. z axis and have the same angle displacement 8 from each other. If we consider no
rotation we have:

i=1,...,n (424)

where n is the number of plasma cylinders. The origin of each Local cable is displaced to the Global
point:

(X0i,y01,Z0i) =(Roicos(Bo+(i-1)-0), Roisin(6o+(i-1)0), 0) (4.25)
where 8y is the positive angle of Ro; relative to the x Global axis and
(aw,a2i,a31)=(0,0,0)

Xi =Xi=X-Xoi

Vi =Yi=Y-Yoi
Zi =Zi=Z (4‘-26)
Ro1= Roz=..= Ron

r; = /y? + x? (z; is the Local symmetry plasma axis)

while the azimouthal magnetic field derives from:

_ [ERLTY I
—sing, Tnl| [Ba
B; = Bi(rj)ey, = Bi(ry) | cosq; | = B; (Fi)| ﬁi | = | Byi) (4.27)
0 I BziAk
l o |
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X02:Yo2,Z02
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Ry i xyislice, cable 1
i : X
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Xl]lv}rﬂll,zﬂll

Figure 4.4: Presentation of the xy slice of the Global coordinate system, the depiction of the plasma
cylinders slices, the displacement radius Ro;and the rotation angle ..

As for the Global values of the physic variables, we can consider for both scalar and vectors that we
can add the components of each plasma cable to take the total value. So:

_n .
Z B
im1
n
BgLoBaL = Z Byij
im1
n
Z B,k
Li=1 i
n
PcropaL = Z P; (4.28)
i=1
n
PGLOBAL = z Pi
im1

where the thermal pressure and mass density profiles resemble the ones described previously for one
wire for each Local system
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C. X-pinch of two wires

Y,

Figure 4.5: Schematic representation of the yz slice of the Global coordinate system and the illustration
of the plasma cylinder slices of the X-pinch configuration. The Local (x,y1,z1) and (x,y,,z>) coordinate
systems and the rotation angles a;; and azz of each X wire are depicted with red and blue colours
respectively.

The cartesian coordinate system is shown in the above figure, where the x axis is vertical to the yz
plane. The X-pinch configuration is centered at the original xyz cartesian system. The rotated
coordinate systems have a common x axis and the rotation angle is a1; for the y; and z; and ay; for the
y> and z, axis respectively to the original xyz cartesian system. They are named y; and z; axis and they
form a new coordinate system with the common x axis. Along the y; axis is the one of the two
axisymmetric plasma wires of the X-pinch configuration with the current density J; pointing at the
possitive direction of the axis. We have similar spatial distribution for the second plasma wire along of
y2 axis of the other rotated system. We consider that the initial formation of the X-pinch consists of
two independent cylindrical wires. At the crosspoint we consider the coexistence of the two wires
while the values of all physics variables are considered as the linear sum of the components of each
plasma wire as we present below:

i=1,2 due to two independent plasma cylinders

(Xo1, yo1, Zo1)=(0,0,0) (4.29)
(a11,@21,a31)=(a11,0,0)
(a12,a22,a32)=(a12,0,0)
where ajz=m- a11
We define:
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r; = /xf + 72
r, = /X% + 73 (4.30)

[ 215 ]
| (B ey 2 ] [
B1 = B1 (rl)l 0 | = ( r ) [Z1 0 —Xl]RX J| = ( - > XqSInaqq) = By1]
lﬁ AIJ ! k 1 —x;cosa k B, k
Iy
[ 25 A A :
e L By By | L 2 ] [P
B, =B, (l‘z)| 0 | ( - ) [z —x,|Rx|j| = ( . ) Xpsinag,j | = [ By2l
I er ke | ? k 2 " |-xycosa k| |B,k
2

A xz1 and xz; slice of the wires 1 and 2 are shown in figure 4.6. We consider that the maximum of
the Local magnetic field is at R; and R, respectively, while the magnetic field spatial distribution follows
the Ampere's law. The magnetic field profile has an azimuthal form.

Figure 4.6: Presentation of the xz; and xz, slice of the Local coordinate system of the plasma cylinders
of the X-pinch configuration. The azimuthal magnetic field and the magnetic field lines are shown
outside the plasma cylinder.

When the Global values of the variables are concerned, we can take into consideration -for the
scalar and vector variables- the components of each plasma wire, adding them to take the total Global
value. As a result:
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2
;
2
BgLopaL = Z Byij
i=1
2

2
i=1

PgLoBaL = Z P; (4.31)

PGLOBAL — Pi

NS

i=1

where the thermal pressure and mass density profiles resemble the ones described previously for one
wire for each Local system.

D. Conical wire Arrays

The Conical Wire Array configuration consists of n parallel wires that have one of the Global axis as the
symmetry axis, i.e. z Axis for the centres of masses of plasma cylinders and have the same
displacement angle 8 from each other at the xy Global plane. We consider:

i=1,...,n (432)

where n is the number of plasma cylinders. The origin of each Local cable is displaced to the Global
point:

(%0i,y0i,Z0i) =(Roicos(00+(i-1)-0), Roisin(0o+(i-1)-0), 0) (4.33)
where Bg is the positive angle of Ro; relative to the x Global axis and

(aw,azi,a31)=(a,0,0)
Xi =Xi=X-Xoi

Ro1= Ro2=..= Ron (4.34)

with rj = \/z? + x? (y; is the Local symmetry plasma axis)

X;
Y;

Xj 1 0 0
where [¥i| =]|0 cosa sina
Z;

Z; 0 -—sina cosa

X — Xoi
= Rx ly_YOil
Z
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The positive angle a is the rotation angle of y; and z; axis of each Local system. Before rotation we
have displaced the cylinder centres as in the Z array configuration of the B case. Then we can rotate
again as in equation 4.2 the Local system with rotation axis the Local Xj, counter-clockwise with the
positive rotation angle a. The new coordinates are related to the previous through the rotation matrix
Rx, while the azimuthal magnetic field derives from:

[Z] - ]
| 5| B(r Il B ul
B; = B;(r)| 0 I=< ‘(. 1)>[Zi 0 —x;]Rx|] =( 1(_1)) (x — Xo;)sinaj (4.35)
l—XiJ i R b7 = (x = xo1)cosak
| 41
F 3
z
Z;
cablei Vi
@

Figure 4.7: Presentation of the yz slice of the Global coordinate system, the illustration of two random
plasma cylinder slices i and j with y; and y; Local axis of symmetry respectively, the displacement radius
Roi and Ry; of their origin and the rotation angle around the x; and x; axis of the Local axis system. For
reasons of simplicity, we consider that the two cylinders have their origins before rotation on the y axis,
while the x; axis is pointing vertically outside the yz plane and the x; inside it, corresponding to a U
9,=180° angular axis origin displacement.

The Global thermal pressure, mass density and the magnetic field components are defined from a
similar system as the one of equations 4.28. The depiction of B=B(r) taking into consideration the skin
effect will be presented at the next subsection for a single plasma wire.

These are the plasma cylinder-based configurations implemented in the PLUTO code or in any MHD
computational code defining from time zero the correct plasma spatial mass density and magnetic field
distribution, using Local functions transformed and projected to the Global coordinate system.

127



4.2 Mathematical/Physical model application in PLUTO and GORGON code- Initial
conditions analysis for four different cases-Preliminary results for an X-pinch and a Z-
array configuration

Now we will present the visualization outcome of some example cases simulated with the PLUTO and
GORGON Eulerian MHD codes. The GORGON code description is not a subject of this work since it is
used in this research only for calibration and comparison purposes. Nevertheless, specific equations
and modules that this code uses will be presented within this and the next Chapter in order to be
connected to the present research. The mathematical model used for the initial conditions is the one
described in the previous section for all the physical variables and the magnetic field (only for PLUTO)
initial distribution based on the correlation of the Local and Global coordinate system.

The visualization tool we use is the Vislt 3.0.2 version [3]. It is a very convenient visualization
program, appropriate for large computational data, illustrating 3D and 2D pictures of any physics
variable output and any physics expression presented from now on.

4.2.1 Z-pinch single wire initial conditions visualization

The first 3D and 2D pictures are the ones of a single plasma Z-pinch cable and the illustration is for the
mass density p, the magnetic field B and the current density J in the skin effect mode. All pictures are
at the zero moment of the simulation, emphasizing to the appropriate initial conditions of the problem
(see equations 4.21 to 4.23). The axis of symmetry is the z axis, while the Local and Global systems are
identical here, as mentioned earlier.

The figure below illustrates a tungsten plasma cylinder with initial radius of 20um, while the length
along z axis is 0.4 mm. This is an eight times higher radius than the experiment's cold metal tungsten
wire of 2.5um radius. The distance from anode to cathode is 15mm long, while the current has a rise
time (10%-90%) of 65ns and a peak value of 160kA. This is the initial simulation time, corresponding to
a 3ns to 5ns experimental time, counting from the experimental current start. The correct choice for
the simulation initial time (tsm=0) due to the experiment is a very delicate procedure performed
through a testing error-correct procedure from the best dynamic plasma evolution at later simulation
times. A more thorough description and evaluation of the simulation through a specific literature,
single wire Z-pinch experiment, is presented at the Result Chapter, section 5.2.
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Figure 4.8 Top row: 3D model of the mass density (in gr/cm?®) in cylindrical geometry of a single wire Z-
pinch plasma cable for t=0. The left picture is the xy slice at Z=0 illustrating the mass density inside the
computational grid. The resolution grid cell has 1um length at each dimension while the unit program
length is 10um (0.001cm). The right 3D contour plot picture presents the bounding box axis system at
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the edges of the box for better visualization. The Global axis centre is displaced 100umx100umx200um
(xyz) on each direction respectively, while the Local/Global axes origin (0,0,0) is at the centre of plasma
cylinder.

Second row: The left picture is the xy slice of the magnitude of magnetic induction (in gauss) at the Z=0
plane. A lineout is taken from -50um to 50um along X axis at Y=0. The right picture shows the lineout
curve of the magnetic induction of the left picture.

Bottom row: The left picture is the xy slice of the magnitude of current density (in gauss/cm) at the Z=0
plane. A lineout is taken from -50um to 50um, along X axis at Y=0. The right picture shows the lineout
curve of current density from the lineout of the left picture.

The computational grid that is used here has static cubic cells of 1um spatial resolution, while the
Vislt unit length is 10um. This is a good spatial resolution providing smooth curve illustration of the
plasma cylindrical boundary, despite the use of a Cartesian coordinate system. It is presented at the up
left image of figure 4.8. The mass density distribution follows a Gaussian profile reducing the maximum
value at 3.35 gr/cm® compared to the solid tungsten density of 19.25 gr/cm®. Nevertheless, it is the
higher maximum value than any other profile we could use, i.e. parabolic, due to the narrow width of
the Gaussian function. The Gaussian function presents a smoother transition from the main plasma
tungsten area to the thin plasma area and is usually preferred due to the enhancing of the
computational robustness.

The magnetic field inside the plasma cylinder near the Rmax radius obeys an almost linear rise law,
while its maximum value is 1.8510° Gauss and the minimum at the centre is 5437 Gauss. The current
density profile is the one of a more smooth skin effect than the one presented in figure 4.4 having a
skin depth 6=1.4Rmax. The current density along the plasma radius has a maximum value of 2.4810°
Gauss /cm at Rpnax-Arp (see figure 2.4 in Chapter 2) and a lower value of 1.6'10° Gauss /cm at the
centre. This current density profile is an intermediate from the uniform one of a cold thin metallic
cylindrical wire and the surface current density profile of an intense skin effect [2]. These magnetic and
current density profiles also introduce non-zero values at the centre of the cylinder, thus avoiding the
infinities at the derivatives of the variables during the simulation run. This way we have more robust
scenarios with higher and steadier simulation time-steps. Furthermore, the smooth transition of the
current density from low values to the zero value at the plasma vacuum for r>R .« contribute to this
steady execution behaviour. We should mention here, that the finer spatial resolution results to lower
values for the magnetic field and the current density (than of worse spatial resolution) at the centre of
the plasma cylinder approaching better the correct values of the skin effect theory. The grid resolution
is very crucial for the evolution of the simulation run, for the time-step value and for the numerical
instabilities growth. These parameters have to be considered for the fittest spatial resolution. The
resources, the nodes and the parallel processing scheme are also important for the optimum choice of
the spatial resolution and the computational box. These matters will be discussed later at this section
and section 4.3.

The definition of the current density here is the same as the one in equation 3.7 neglecting the
factor 4m/c. The resolution unit length of lp=1pum will produce the appropriate dimensions of Gauss/cm
through the formula:
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Iy
Thus the correct expression is depicted at the Vislt program (third row pictures of figure 4.8). The

smaller lp produces, a better approximation of the density current values, as we mentioned earlier.

4.2.2 X-pinch of two wires initial conditions visualization

The second configuration we will visualize is an X-pinch two plasma tungsten wire of initial cold radius,
at each wire 2.5um, initial angle of the two wires 100°, 15mm long at z axis from the anode to cathode
electrodes, experimental rise time (10%-90%) of ~50ns and maximum current density of 46kA. It is an
experimental configuration description from our lab facilities of the Institute of Plasma Physics and
Lasers in Rethymnon (IPPL—www.ippl.hmu.gr). This simulation-experimental comparison and analysis is
presented at the Result Chapter 5 in the third section.

The initial simulation time (t;»=0) corresponds again at 3ns-5ns from the experimental current
start. The initial tungsten plasma cylinder radius is again eight times bigger (20um). The Local axis of
each cable is the y; and y, respectively while the rotation angles are aj;1=40° and ajz =180°-
40°=140°. The equations that we use for the correct geometrical spatial contribution of the mass
density, thermal pressure and magnetic field induction are the ones of 4.29-4.31 system. The plasma
cylinders are considered crossed and separate Z-pinches that at every spatial point all the physics
variables are the sum of each plasma cylinder variable (equation 4.31). This way the crosspoint area is
formed from t;»=0 and the domination of the Local magnetic field away from this area around the
plasma cables and the Global magnetic field formation near this area, is clear from the same moment
too. The depiction of all these observations is at the following figure.

As we can see at the 3D pictures of the first row, we have two plasma wires that form an angle of
100°. The two wires have gone through the ablation face and they have merged into a common area at
the cross-point (right picture). The zero simulation time at this depiction corresponds to a 3ns
experimental time relative to the current start. The correct magnitude of the radial contribution of the
magnetic field is evaluated through the current density. This is a function that considers the skin effect
as we already presented, while the magnitude of the current density is also evaluated from the initial
value of the sinusoidal form of the experimental current (presented at section 5.1). The updating of
the magnetic field is a subject of discussion at the Results Chapter 5 section relative to the X-pinch
simulation results.
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Figure 4.9 Top row: The left picture is a 3D X-pinch two wire configuration at tg,=0 (3ns from the
current start). The radius of each cable is 20um (8 times the cold metal radius), while the
computational box is Immx10mmx8mm (x-y-z). The center of the Global axis system is displaced
100umx100umx200um (x-y-z) at each direction respectively while the Local/Global axes origin (0,0,0) is
at the crosspoint of the two plasma cylinders. The right picture is a magnification of the crosspoint
area depicting the merged ablated plasma cylinders with an initial angle of 100°. The a;; and aiz
rotation angles are 40° and 140° respectively.
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Middle row: The left picture is a presentation of the magnetic field streamlines depicting the spatial
areas of the Bocar and Bgiopas dominance. The right picture is of the same configuration depicting only
the Global magnetic field.

Bottom row: From left to the right we see Z=0, Z=0.08mm and Z=0.8mm depiction of parallel Z planes.
The Bgionas dominancy at the crosspoint area (Z=0) is gradually transformed (Z=0.08mm) to Local
magnetic spatial areas near and around the plasma wires, while the Bgipa is dominant at the
intermediate and far away zones (Z=0.8mm). All units are in c.g.s. system.

The second row depicts the 3D pictures of the mass density with the magnetic streamlines of the
Local and Global magnetic field. The Local magnetic field is depicted clearly away from the crosspoint
and near each plasma wire, while the rest of the spatial area has a Global magnetic profile (left
picture). The right picture depicts only this Global behavior. The contoured color selection presents,
four different levels of the magnetic field strength. As we see, the areas near the crosspoint and
plasma cables outside the X formation are the ones with the strongest magnetic field. This is
something that plays a key role for the pinching procedure at later simulation times! The magnitude of
the magnetic field topology is also very important for the formation of the plasma jets, the corona
plasma and the plasma "migration" from the plasma wires and crosspoint area to the plasma jets. A
relevant discussion and analysis is presented at the Results Chapter for the X-pinch configuration.

The third row depicts the sequence from the Global magnetic field dominance at the crosspoint
area at lower Z levels (Z=0 and Z=80um) to the Local like behavior near each plasma cable and the
Global at the intermediate area at higher ones (Z=800um). This dominance of Bgjopal Near the cross-
point area and its rapid decrease moving towards the electrode area have been studied and simulated
at other works emphasizing of the importance of this initial magnetic distribution [4]. The Local
magnetic field vectors have the higher depiction value of 10> gauss at the r=Rmax circle, while this is
rapidly decreasing as we go further away from each wire. This holds for the first and third picture at
the last row, but is valid only at the outside r=R,.x area for each cylinder at the second intermediate
level picture (Z=80um). The topology of the magnetic field at Z=0.8mm plane has also similarities to
the one that has a Z-pinch array with the central area having the lowest value (practically B=0), while
there is an enclosing B, at each plasma cable and an enclosing Bgiobal for the whole array area [5-7].

The initial magnetic field distribution and the advection/diffusion of the magnetic field along the
run are essential for the appropriate plasma dynamic evolution. This analysis continues at the next
subsections concerning both Z-pinch tungsten wire array and X-pinch two tungsten wire formations.

4.2.3 X-pinch of two initially tangent plasma wires-Preliminary results at early
simulation/experimental times-"Cold" start like conditions

An additional choice for the initial simulation time that is strictly defined as far as the magnetic field
and plasma distribution are concerned is the so called "cold start". We can assume that the plasma
wires are at the ablation phase, tangentially begin to merge, starting the plasma phase evolution and
the creation of the crosspoint territory. We can assume that the initial temperatures are of the liquid
tungsten phase or even lower (~0.026eV corresponding to room temperature to ~0.5eV of the
liguid/melting phase).
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It is a novel presentation for a purely MHD code including the crosspoint formation procedure that
its dynamic formation and evolution can have a significant role to the plasma jets, rotational instability
creation and pinching phenomenon. A preliminary analysis follows in a few lines, while a more focused
presentation is at the fourth section of the Result Chapter 5.

The origin of each Local system is displaced from the Global one (let's say along x axis), where the
displacement could be 0<d<R., where d is the displacement distance and R, the initial metallic cylinder
radius. The smaller the displacement at x axis, the bigger is the merging of plasma cables and a later
current start time we have for the t;»=0. The displacement here is chosen to be 0.9R. (almost at the
beginning of merging), while the initial tungsten radius is 3um (20% higher than the metal radius of
2.5um). The temperature we assume is 0.5eV (melting temperature of solid tungsten). This way the
tsim=0 time we choose can be theoretically very close to experimental current start time (here we
choose 0.5ns less than the one of 3ns to 5ns we mentioned earlier).

The MHD code we use here are both PLUTO and GORGON. The initial plasma tangential cable
formation is depicted at figure 4.10 and there are photos from the PLUTO code. Figure 4.11 depicts
simulation run photos from the early jet creation that originate from the GORGON relevant run.

The distance d is not a constant one, but it begins with a dmax=0.9R. value at the z=0 plane and
ends at the z=zmax plane with a zero value. The zmax=7.5mm for our case corresponds to the
electrode distance from the crosspoint at the experimental chamber. The analytic relation for the
d=d(z) is:

d = dpax(1— |

D (4.37)

max

This is a simple way to take into consideration the bending of the plasma cables at the cross-point,
while the end of the cables at z=zmax (the electrode surface) are on the x Global axis (d=0) (see the first
picture of picture 4.10 points A and B). The Local radial coordinates r; and r, of equation 4.32 become:

r1=\/(X1+d)2+Zf

r, = \/(xz —d)2 + z2 (4.38)

We selected the Local plasma center of cable 1 to be displaced at (d,0,0) Global point and the other
cable 2 to the (-d,0,0) Global point.

The curvature of the cables is very small compared to the length of plasma cables. The correct
distribution of the magnetic field for each plasma cable is given by the Biot-Savart law. Due to
d<<zZmax, a very good approximation is that the magnetic field magnitude for each cable is of the same
radial form as the one we presented earlier using the integral form of the Ampere's law and the skin
effect replacing r1 and rz radial distances from equation 4.38. This change and replacing the x; Local
coordinate to x1+d and x» to x+d is adequate of providing the correct implementation formulas for
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the magnetic field and plasma distribution that are depicted at figure 4.10, even though the Local axes
y1 and y2 have been (slightly) bended.

The initial cylinder radius of these pictures is re=1.2R.=3um, expanded 20% from the metallic
tungsten cable of 2.5um, thus we have to choose for a nearly constant plasma density profile decaying
sharply at the boundaries of plasma cylinder. A sharp parabolic profile is suitable for this task. The
crosspoint area is at the very beginning of its creation and the plasma density there, is the sum of the
parabolic profile from each wire.
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Figure 4.10 Top row: The left picture is a full experimental scale 3D X-pinch two cable configuration of
PLUTO code at t;j,=0 (0.5ns from the current start). The radius of each cable is 3um (1.2 times the cold
metal radius), while the computational box is 20umx8000umx15000um (x-y-z). The right picture is a
magnification of the crosspoint area depicting the initial merging phase of the ablated plasma cylinders
with an initial angle of 60°. The ai; and aiz rotation angles are 60° and 120° respectively. The
displacement distance at the x Global axis of each Local center is 90% of the cold metal wire (2.25 um).
Bottom row: i. The left picture depicts the mass density of the xy plane at z=0 Global axis system. The
computational mesh has 1um spatial unit cell, while the displacement dq.=2.25um and plasma cable
radius rc=3um are presented. The density isocontours depict a clearer view of the cable center and
displacement. ii. The intermediate picture depicts the vectors of the magnetic field and the isocontours
magnetic field lines at z=0 Global plane.iii. The right picture depicts the same physical values at the
z=50um plane. The twisting of the magnetic field lines is obvious due to the cables x displacement.

135



All units are in c.g.s. system.

The initial displacement dna.x is depicted at the bottom row in the left 2D picture along with the wire
radius. This displacement vanishes at the very top of the X-pinch configuration, where we can see the
A and B touching points of the plasma wires at the cathode level. The 3D left picture of the top row
presents the full scale X-pinch configuration from bottom (anode level) to the top (cathode level). The
AB line segment lies on the xz Global plane giving a very close to the X-pinch experiment spatial initial
formation with displacement d=0 as we just mentioned. Of course a more realistic initial spatial mass
formation according to the experimental procedure should include the 180° or 360° twisting of the
touching cables at the cross-point. This complicates more the magnetic field topology and the mass
density distribution rotational functions, consequently this specific presentation is an adequate first
approximation for the "cold start" scheme.

The experimental chamber height from anode to cathode is 15mm, while the anode/cathode plate
has a diameter ~40mm. This experimental presentation is part of the subject of the first section at the
Result chapter 5.

The computational box has a y axis width of 8mm and a x axis depth of 0.02mm. The rotation angles
a11 and a1z are 60° and 120° respectively, thus having a wire angle of 60°% The magnification of the
cross-point area at the right picture of the top row clearly presents the separate plasma cables at the
beginning of merging for the cross-point area creation.

The bottom row has a 2D left picture of the mass density pseudocolor and isocontours depicting
clearly the common area of the two cables at the center of the global axis system and the separate
radial area of each cable. This spatial geometry plasma distribution produces from the very beginning
the Local magnetic field area inside and around each plasma cable, while the Global magnetic field
encloses the whole formation. This is true, even for the z=0 plane area, as we can see at the
intermediate picture of the vector arrows and isocontours lines of the magnetic field. It goes on till the
upper and lower z planes and the anode and cathode levels. Due to the x displacement of plasma
wires, we can see a twisting of the magnetic field lines to a rotational clockwise pattern from the z=0
plane to the higher planes. This is clear if we compare the intermediate and right picture of the bottom
row.

The twisting of the magnetic field lines along with the displacement of plasma wires introduce an
interesting perspective for the initial stage of cross-point creation, jet formation and the rotation of
the plasma streams originating from the crosspoint and cable branches area. The cross-point creation
from experimental studies for many X-pinch formations with different materials describe a similar
early stage creation that its general scenario is: cold wires - formation of wire cores— formation of
corona—> merging of the cores— creation of the neck [8,9]. It could take several nanoseconds,
depending on the diameter of plasma wires and the magnitude of current density, to have a full
merging of the wire cores at the cross-point. We see that the direct merging of the wires at tgn=0
could be a lesser method for the best description of plasma dynamic evolution for the appropriate X-
pinch, cross-point, geometry.

The azimuthal asymmetry due to the geometry of the initial contact of the wires and the crucial role
at the discharge asymmetry in an X-pinch configuration is something that is also pointed by G. V.
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Ivanenkov et al. It is responsible for the creation and pinching mechanism of hot spots (HSs) far from
the mini-diode (MD) area and like-snake formations from the intersection of the wires [10]! It has also
been demonstrated by Shelkovenko et al [9] and mentioned again by Mitchell et al [11,12] that the
development of the plasma in the crossing point undergoes three distinct phases. The first one is
established as, "the individual wires which form the limbs of the X-pinch explode, resulting in a dense
core (probably containing solid wire material) surrounded by a low density, higher temperature
coronal plasma". This initial wire phase describes two initially separate plasma wires touching at the
cross-point! These observations are pointing to the importancy of the initial separate plasma wire
touching phase implementation if we want to study the dynamic evolution of a small, high resolution,
area around the crosspoint!

The novel approach from the very beginning of plasma phase evolution will also provide insights for
the two lobes jet displaced initial creation and evolution (see figure 4.11), the rotational plasma stream
behavior along with the creation of possible rotational instability formation i.e. kink (m=1) and
gyroviscous with possible magnetic reconnection related phenomena (assuming the inclusion of
gyroviscous terms in the MHD equations), enhancing all these phenomena due to the cable initial
bending at the cross-point [13]. Kinks at the jet columns are experimentally observed, but without a
clear interpretation yet [14]. It could be an interesting simulation observation if we see such structures
formed due to the wire crossing displacement!

For the first time we will present a preliminary numerical study of this evolution for the two cable X-
pinch plasma tungsten configuration in small angles using GORGON Eulerian MHD code. This study will
be a priority to the near future work.

The GORGON code is the one we will use here for the presentation of the initial stages evolution of
the former X-pinch configuration. It uses Fortran 90 as a programming language, while the PLUTO code
uses basically C language. The MHD scheme is similar to PLUTO with the bigger differences to be the
two temperature electron/ion model, the energy exchange rates between ions and electrons and the
initial boundary implementation of the magnetic field [15]. It includes optically thin radiative losses
and thermal conduction, but it lacks a radiation transport scheme. Additional information for the
GORGON MHD code is presented at the Result Chapter 5 and Introduction Chapter, while a lot of
physical terms that it uses are similar to the ones at the Chapter 3 relative sections (i.e. Braginskii
thermal conduction and anomalous resistivity) [16,17].
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Figure 4.11: A time sequence photo depiction from t,=0ns till 5.5ns (the parenthesis time is measured
from the current start). This is a GORGON code model having at ts,=0ns the initial cold metallic radius
of 2.5um and initial tungsten metal density of 19300 kg/m>. All units are in SI. The spatial resolution is
1.25 um. The two-contour depiction focuses on the thinner plasma evolution. The insert 2D pseudocolor
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photos are of the xy Global plane at z=0 and they are not at the same scale of the 3D pictures. The
legend pseudocolor column has at all photos the same lower value of 0.001kg/m".

The initial conditions here are slightly different than the ones in PLUTO code. The initial radius at
tsim=0 is re=R=2.5um and dmax=0.9R., while for the plasma density profile we use practically the solid
density of 19300kg/m? for the whole plasma cable having a sharp decrease to the vacuum value at the
cable boundaries with the vacuum area. The initial experimental start is considered to be 1.5ns from
the current start having a slight higher current value than the previous one. The initial temperature is
considered spatially constant of 0.026eV inside and outside the plasma cable (room temperature).
Although GORGON has not appropriate EOS for solid tungsten, at the very first steps of the simulation
run the temperature rises to some eV's due to the dissipative terms of Ohmic heating and thermal
conductivity and this discrepancy is fixed considering the plasma evolution after this moment to be
sufficiently approximated. Additionally, initial conditions with lower resolution, very low temperatures
and cold start-like conditions have been used at the past for other pinch configurations i.e. carbon
fiber Z-pinch with a good representation of the experimental results and m=0 instability creation and
growth rate [18,19], Z-pinch wire arrays implosions [20] and magnetic tower jets [15].

The time sequence has as follows:

i. t=0ns (1.5ns) = beginning of merging of plasma cables for the creation of the crosspoint area. The
2D insert pseudocolor photo depicts the separate sliced two cable area. The contour plot depicts from
solid to ten times lower density.

ii. t=1.5ns (3ns) = plasma cables are almost merged. The contour depiction uses only two contours,
one of the thicker corona plasma that is of the order of tenths of kg/m? (green one) and the other of
the thinner one that is approximately two orders of magnitude lower (red colour). The insert photo
shows mass transfer from the cables to the central area. The thin corona plasma begins to form and
expand (2D cyan colour and 3D red contour).

iii. t=2.5ns (4ns) - plasma cables are still merging (2D) and the crosspoint area is Z-pinch shaped (3D)
(micro Z-pinch creation). The dilute corona red isocontour has a rotational structure, breaking the
symmetric form expansion of a single symmetric plasma column.

iv. t=4.0ns (5.5ns) - plasma lobes are ejected sideways having a rotation trajectory that will merge
within the central plasma bulb to create the two plasma jets. The 2D picture presents the merged
plasma cables. These angular momentum plasma transfer could be scale associated even with Young
Stellar Objects (YSOs) similar formation mechanisms from the accretion disk to the plasma jets [14,15].
v. t=4.5ns (6ns) > two plasma jets are formed and are asymmetrically expanding to the anode and
cathode direction. The magnetic compression forms a wider x than y cross-section for the first time
since the beginning of the simulation.

vi. t=5.5ns (7ns) = the corona plasma is ejected all around the cross-point neck area feeding with
material the neck and jet expansion. The 2D photo presents the continuing of plasma expansion, the
widening of the cross-section at the x axis and the compression at the y.

The initial geometry of plasma cables enables the JxB forces to "break" the symmetry of plasma
expansion sideways and along z axis that we observe at all simulation studies. This is something new
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that could provide a more realistic dynamic evolution closer to the experimental (not so symmetric)
results.

This analysis can focus on the physics phenomena around and at the cross-point area from the very
beginning of the plasma creation. Experimental results for the initialization of the plasma neck
formation and implosion enhance this time sequenced analysis [21].

The resolution analysis we need is at least equal to the initial metal cable radius. This resolution for
our case, due to the very small radius of 2.5um, is very demanding for the computation run and only a
"super-computer" parallel processing can give us the computational power to complete the task. We
use for our simulation runs the computer system ARIS of the Greek Research & Technology Network
(GRNET) in the National HPC facility [22]. Even then the full scale model is out of the system's
capability and we have to take smaller computational boxes or/and 1/4 or 1/8 symmetric models with
the appropriate boundary conditions that will be discussed at the next section.

This high resolution first nanoseconds plasma study can be also used for the best estimation of the
physics values at the very first nanoseconds that will be used as initial conditions to a bigger
computational box with lower resolution. This way we can have the "appropriate" initial condition
values of the mass density expansion, temperature profile and thermal pressure and we can study the
model till the final evolution time of our interest. For example, the initial plasma radius and
temperature profile we use at the third section of Result Chapter 5 is estimated to be 8 times the
2.5um of cold wire and 1.5eV maximum value respectively at ts,=0 (5ns from the current start). This
estimation is in quite a good agreement with the above pictures that depict a ~20um maximum radius
at ~¥5ns to ~7ns from the current start!

4.2.4 Z-pinch array of four plasma wires-Preliminary results till the stagnation phase

The last simulation model that is presented is the simplest wire Z-array configuration of four tungsten
plasma cables of initial 7.5um wire radius, experimental rising time (10%-90%) of 65ns and maximum
current of 50kA [23]. Accordingly to the symbolic notation of 4.24-4.28 equations, for the displacement
of the plasma wires, we have:
i=1,2,3,4 (4.39)
The origin of each Local cable is displaced to the Global point:

(X01,y0i,20i) =(Roicos(0o+(i-1)-0), Roisin(0o+(i-1)-0), 0) (4.40)

where 8,=0°, 6=90° and

Xi =Xi=X-Xoi
yi =Yi=y-yoi (4.41)
Zi =Zi=Z

R01= R02= R03= Ro4=1.5mm

We consider a computational box of 2mmx2mmx0.2mm of 10 um spatial resolution. The depiction
of the physical variables are at figure 4.12. The simulation considers an initial time of 5ns from the
current start. The plasma radius of each wire is four times the initial radius of the cold plasma cable.
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The density and temperature profile is Gaussian. The distribution of the current density takes yet again
the skin effect into consideration. Radiation optically thin losses and radiation transport are used.

The aim of this simulation is to present a qualitative description of the initial stages of the plasma
ejection from the plasma wires, the dynamics of ablation streams and precursor plasma under the
temporal variations of the global magnetic field topology. Then we will present similarities and
variations from the literature experimental and simulation results, even though this is a smaller and a
few wire model with a lower maximum current value (equal to the one of the previous X-pinch
configuration) [5-7,20,24].

The boundary condition problem is significant here and we will present two different spatial
distributions of the plasma wires emphasizing to the significance of the appropriate spatiotemporal
magnetic field evolution regarding the boundaries and the low density background (plasma vacuum)
implication.

The initial variable depiction is for mass density, magnetic field vector topology and magnitude, and
the magnitude of the current density. The latter is defined as in equation 4.36 in gauss/cm. The
vacuum consists of plasma air of 10 gr/cm® with a constant temperature there at 0.05eV along the
simulation run.

The 3D pictures depict the mass density distribution (left picture) along with the vectors of the
magnetic field (right picture) presenting a clear view of the Local magnetic field domination around
each plasma wire and the Global field near the center and the boundary area of the computational
box. The depiction range of 10* Gauss<B<10> Gauss emphasizes on the best presentation of the
magnetic field vectors around each plasma wire (Local field) presenting the expected highest value
(red arrows at the right picture) just outside the common array area tangentially to the cable.

The 2D pictures of the magnetic field at the middle row introduce a lower value of 1 gauss focusing
on the zero value area of the Global magnetic field at the box center (blue and green area at the right
picture), while the higher value of 10°gauss depicts similar behavior for the Local magnetic field around
each plasma wire as the previous 3D one (black and grey arrows at the left picture).

The mass density and the temperature 2D presentation present the same spatial Gaussian profile
with 1gr/cm?® and 1.363eV higher values respectively. The linear profile of the current density has a
similar spatial morphology as the mass density and temperature (not a Gaussian profile though), while
the lineout profile for each plasma wire is the same as the one presented for a single Z-pinch
configuration in figure 4.8 due to the skin effect implementation. Due to the ten times lower resolution
at this simulation we do not see the clear skin effect profile of the current density of figure 4.9, while
the higher value of 2.509:10% Gauss/cm is ten times reduced relatively to the one of figure 4.9. We see
here the effect of the resolution to the physical variables calculation, especially to the ones that are a
spatiotemporal derivative outcome.
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Figure 4.12 Top row: 3D pictures of mass density at the left and mass density with magnetic field

vectors at the right. The vector depiction has 10° Gauss lower value and 10° Gauss maximum.

Middle row: 2D pictures of the mass density's xy plane with the magnetic field vectors at the left and

the magnitude of the magnetic field at the right. The lowest value is 1 Gauss.

Bottom row: 2D pictures of the initial temperature distribution of the top cable (left picture in

logarithmic scale) and the magnitude of the current density (right picture in linear scale).
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The next figure presents the mass density and magnetic field for two different spatial distributions
at the same instant (20ns from the current start and 15ns from the simulation start). The right one
(rotated by 45° relevant to the left one) seems unaffected preserving the azimuthal Local/Global
magnetic field behavior around the plasma wires, while at the left we see a clear affection from the
boundaries, reversing the magnetic field vectors at the corners of the computational box and around
the plasma cables.
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Figure 4.13: The left picture has the four plasma wires placed by pairs symmetrically on the x and y
axes depicting the mass density and the magnetic field vectors at 20ns from the current start. The right
picture has the centers of the wires rotated counter clock by 45° depicting the same time.

More specifically, we see that the magnetic field at the corners of the left box is enhanced and
reversed compared to the one at the right box. The ablation/plasma streams are elongated and
already have a beam shape, while the ones of the right are just formed. The higher values of the
magnetic field at the left picture are around the plasma cables (grey scale) and much lower than the
higher values of the other formation (black and grey scale at the corners and near the plasma cables).
Solutions for a better simulation with lesser affection from the boundaries are:

i. A bigger computational box placing the plasma cylinders as far as possible from the sideways
boundaries and corners. This is very difficult due to the limitations of the computational power and the
real experiment's chamber size that could be several mm long at each dimension of the xy plane.

ii. A lower resolution with bigger computational cells. This also creates deformations and
miscalculations at the physics variables along the simulation run. A minimum cell length should be at
least equal to the diameter of the initial plasma wire.

iii. Reducing the computational box to the 1/2 or 1/4 of the real spatial Z array area taking the
appropriate boundary conditions (equatorial-symmetric, reflective and periodic. They will be described
at the next section of this Chapter). This is something that we use also for the single wire Z-pinch and
two-wire X-pinch formation at the next Chapter allowing us to take a bigger computational box at each
semi-axis with better resolution. A similar approximation is used in reference 5. Of course if we have
more than six plasma cables, equally angular displaced, the two pictures of figure 4.13 will be either
identical or similar.
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iv. A radical solution is to switch off the Riemann solver (more details for the solver choice at the next
section) at the vacuum region allowing only the magnetic field evolution there and fixing at a constant
value all the other "vacuum" variables. This is something that is tested and evaluated for an X-pinch
configuration at the next Chapter along with the similar technique that GORGON uses. As we present
there, the deformations of the magnetic field vanish and the size of the computational box can be
reduced focusing on the area of interest. This is valid if we have a "very good" experimental vacuum
that does not affect the main plasma evolution. For instance, shock waves and bow shocks could be
the result of a main plasma component interaction with a surrounding plasma air of higher than
"vacuum" condition density. At this work we want, mainly, to avoid these interactions. This technique
offers us the opportunity to consider only the surrounding magnetic field as the modulation
mechanism at the plasma-vacuum interface and study instabilities and deformations there (i.e. MRT
instabilities!).

The next figure presents 2D pictures of the mass density evolution till ¥250ns from the current start
corresponding to a nearly full period of the experimental current. The depiction of the mass density is
escorted by the bulk velocity vectors for a better understanding of the plasma evolution, especially at
the center of the precursor plasma column, where at later simulation times we have plasma
contractions, plasma bouncing and collimation due to the thermal pressure and/or magnetically driven
expansions/contractions, resulting in mass density temporal variations [24]. An interesting case for
further future investigation is the clarification of the main spatiotemporal dominant mechanisms that
are creating the pinching and expansion of the precursor column area i.e. the interplay between the
JxB forces and VP ermar @long with the plasma momentum spatiotemporal evolution. A similar
investigation is presented for an X-pinch configuration relatively to the jet creation at the third section
of the next Chapter.

The time evolution depiction at the above graph represents the sequence we described before
beginning from the initial plasma stream formation (picture A) till the beginning of the expansion of
the denser precursor column area (pictures F,G,H). Specifically:

The first picture presents the initial stage of the plasma stream formation from each plasma cable.
Picture B depicts the initial precursor plasma column creation and the elongated plasma streams that
are guiding the main plasma stream ejection that are radially expanded we have(better visualization of
the precursor column at the next figure due to the lower value density depiction). The origin of the
elongated plasma stream formations is mainly from the radial corona plasma trajectories that are
swept around the wire cores producing radial streams due to the JxB forces [20]. A similar corona
origin mechanism exists in the two-wire X-pinch devise that is thoroughly presented at section 5.3 of
the next Chapter. The third picture presents the narrow plasma precursor column that is clearly
observed. The time sequence from this moment goes beyond the current peak time. The next two
pictures (D and E) have radially expanded plasma streams around each column, while in the central
area a compressed plasma column is beginning to form. The Z-array center at the latter is full of corona
plasma and the central column is ready to expand having even higher density than the previous one of
D.
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Figure 4.14: The time sequence of the four tungsten wire array at xy plane. The temporal instants are
from 30ns to 250ns from the current start (parenthesis values), depicting the initial ejection of the
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plasma streams till the expansion of the central plasma column. The mass density legend goes from
510°gr/cm’ to 0.1gr/cm’, while have the bulk velocity from 100m/s to 10km/s.

The "cross shape" formation of the denser matter we observe along x and y axes is created due to
the development of the neighbourhood plasma streams that are compressed hydro-dynamically. As
time passes, these get thicker and denser. These formations are also observed to other simulations
[5,7,20,24] at the initial stages of the precursor plasma column.

The last three pictures F,G and H also present the vectors of the plasma bulk velocities. This is due
to the implosion phase sequence clarifying this way the relation of the plasma movement to the
contraction and expansion of the precursor column. We see an interesting depiction at G and H. The
expansion of the plasma column is a fact at G, but the bulk velocities are still pointing at the column
center. This means that plasma material is deposited from the four main streams to the column
producing a volumetric rising. This is a fact till ¥~225ns. Then the expansion consists of two procedures,
the continuing deposition from the streams and the expansion of the main plasma column (depiction
at Fand H). This is a similar time sequence to the one of the jet creation of the X-pinch configuration in
Chapter 5, where we observe deposition from the limbs and at later times deposition from the
crosspoint due to the magnetic forces. It could be interesting to present the spatiotemporal affection
from the thermal and the magnetic interplay, but this goes beyond this preliminary study, as we
mentioned earlier.

The mass density maximum has a higher value of ~2gr/cm?® at the first picture, decreases to lower
value ~1.3gr/cm?® and finally reaches a higher value of 1.9gr/cm? at the last picture. Small upside-down
variations of the maximum value at F, G and H develop due to the former mechanism of the previous
paragraph.

The temporal sequence is similar to the one presented in literature [5,20,24]. But the spatial
evolution presents some differences with the other simulations. Two are the main ones.

The first is the very close approximation of the four plasma cables that is at least four times smaller
than a typical Z-array [4,6,20,24]. This choice has been made to avoid the demanding computational
power and for enhancing the physical phenomena we want to study (i.e. the Local and Global magnetic
field morphology evolution) due to the small distance of the plasma cylinders. Another reason is the
small value of the peak current limiting this way the distance we can place the tungsten cables if we
want to have reasonable ablation and mass transfer at the central area. Higher peak currents and
larger spatial Z-arrays will be simulation tested in the near future (a higher peak current of 160kA, 1/4
model is presented, at the initial precursor phase, at the boundary section of this Chapter).

The second difference is the narrow width of the initial streams, creating the initial stages of the
precursor column before the main streams reach the central area at ~130ns.
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Figure 4.15: The evolution of the Local/Global magnetic field isocontours from 67.5ns to ~200ns
depicting the evolution of the Local magnetic field around plasma cables, the Global at the central area
and the area around the array formation and the beginning of the Local formation around the

precursor column at later simulation times.

The last figure 4.15 depicts the evolution of the magnetic field isocontours and vectors. The initial
time of 67.5ns (picture A) from the current start is at the peak current where the magnetic field around
the precursor plasma column and the Local magnetic field near each plasma column are distinct. The
magnetic field vectors and contours have the same range of 10°gauss to 510%gauss. The second
picture B presents a similar magnetic field topology.

This is something we do not see at the next two pictures C and D. The Global magnetic field at these
pictures is the one we see surrounding the four wire array while each isocontour has a Global
topology. The B vectors introduce a Global counter clockwise depiction for all the Z-array area. These
pictures present similarities to the ones of other laboratory Z-array simulations concerning the central
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and the surrounding magnetic field topology along the precursor plasma and the dense central area
formation [5,7].

The last two pictures E and F depiction reveal a reversed rotation of the magnetic field vectors due
to the inversed current density, since the time sequence is after the semi-period of the experimental
current (the temporal updating of the magnetic field along the simulation run has been already
mentioned). The magnetic field at the center of the precursor column presents a Z-pinch like topology
(picture F).

4.3 Pluto physical and numerical tools description

A lot of the physical modules that are implemented and discussed here have already been analyzed at
the previous Chapter 3 (PART | and PART Il) and whenever it is required we will give the appropriate
references for the reader to this Chapter. The numerical tools we use are mainly the ones already
implemented in the code and can be activated through the appropriate switches, but here we focus on
the best implementation scheme and numerical modifications concerning the Z-pinch single wires and
the X-pinch two single wires configurations. A mixture of similar strategies can be used at the Z-arrays
and conical Z-arrays configurations.

4.3.1 Introduction to PLUTO MHD set of equations-Modified EOS correlating primitive
to conservative tabular data and vise versa

Plutocode is an one-fluid HD/MHD code that can operate at the non Relativistic/Relativistic regime
depending on the magnetic field strength and magnitude of plasma velocities. The code can describe
any plasma formation at the Ideal or Dissipative term regime having a system of (nearly) conservation
laws, of the form:

ou
— + V- T(U) = S(U)
ot (4.42)

where U represents a set of conservative quantities, T(U) is the flux tensor and S(U) are the source
terms [1,25]. The full set of equations with the dissipative terms that are valid for our case has been
presented at the 3.1 section of Chapter 3 (PART I) from 3.1 to 3.13 equation system. These equations
are used or will be used for future work concerning metal plasmas configurations (Z-pinch single wire
and X-pinch two-wire for the time being at the Result Chapter 5). The plasma material that we study in
this work is tungsten with a surrounding plasma air. The MHD equation system includes radiation and
resistivity modules that are presented analytically at the relative sections of Chapter 3 PART | and PART
Il respectively. The plasma velocities and plasma wave velocities are at least ~1000 times smaller than
the speed of light, so we are at the non Relativistic regime. There is an analytical presentation of all
plasma and wave velocities in the Result Chapter 5 at the third, fourth and fifth sections.

PLUTO uses both conservative and primitive physical quantities. The conservative form is
convenient for the execution, while the primitive description is more convenient for assigning the
initial and boundary conditions of the physical problem. The updating of the fluxes F though, uses the
primitive variable tensor as we present at the next subsection.
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The sets of conservative to primitive variables U and V and vise versa are depicted in the following flow
chart:

conservative primitive to

to primitive conservative

(execution)

U=(p, m, E;, B)

Figure 4.16: The input data in the code is at the primitive form, the execution uses the conservative and
the output again is at the primitive form.

The input data of thermal pressure P, mass density p, bulk velocity u and magnetic field B are in the
primitive form while the execution goes on with the total energy density E;, the mass density p, the
momentum density m and the magnetic field B (there is an exception concerning the fluxes F that are
discussed at the next subsection). The output data are again at the primitive form [1,25,26].

This is a convenient sequence for this work to implement the initial condition mass density, thermal
pressure and magnetic field distribution for any plasma model configuration, evaluate along the
simulation run the total energy density E; or the internal energy density pe and then return as output
all the primitive variables along with the energy data.

As we mentioned at the previous Chapter, we use modified tabular data for the thermal pressure
and internal energy as a function of mass density p and electron temperature T from the
MGGB/SESAME data base [27-29]. These data are depicted at graph 3.2. We also correlate the
effective ionization plasma state Zer as function of mass density/electron density and electron
temperature through the FLYCHK tabular data as presented at figure 3.3 [30,31].

Given the thermal pressure and the mass density via the curvilinear mapping P=P(p,T) the
temperature is evaluated at the execution and afterwards the internal energy density is computed
using the pe=pe(p,T) table and vice versa. As PLUTO works with the conservative variables and
produces as output the primitive, the temperature is the common value that relates the thermal
pressure P and mass density p with internal energy density pe, ionization state Z.¢and electron density
Ne. This is also the safest way to estimate the real spatiotemporal temperature profile from the graph
tabular data of 3.2 and 3.3 figures filling in the gap of the temperature calculation profile of the
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original code that also ignores the dynamic evolution of Zesr= Zetr(p,T) for metal plasmas materials!
This cyclic correlation is depicted at flow chart/smart-art diagram 4.17:

(input)
P=P(p,T) Tungsten and dry

air modified tabular
SESAME(MGGB)

(output)

, T
ot / \;

(execution) (execution)

Z.+~Z.¢(p,T) Tungsten pe=pe(p,T) Tungsten and
ionization by FLYCHK data dry air modified tabular

SESAME(MGGB) data
(output)

(output)

Figure 4.17: The input/output data of thermal pressure P cyclic correlation with internal energy pe and
effective ionization charge state Z.f.

All the physics variables can be evaluated along the simulation run through the appropriate
expressions of the aforementioned variables and can be extracted as output data from the code (i.e.
the Spitzer resistivity formula of the 3.52 equation that is o=f(Zest, p, T)).

4.3.2 The spatial grid and coordinate system

Our plasma materials consist of simple cylindrical geometry configurations (i.e. Z-pinch single cable or
wire arrays) to more complex ones (i.e. X-pinch two wire or conical Z-pinch arrays). The most
appropriate coordinate system that is valid at any case is the Cartesian one. The correct initial
condition expressions implementation for the mass density, current density and the magnetic field to
these systems are analytically discussed along the sections 4.1 and 4.2.

PLUTO is a finite volume/ finite difference code. Thus, the computational grid consists of 3D static
spatial cells that at the base grid case correspond to level 0, while higher levels are used at the AMR
version of the code [32]. The discretization is defined at each axis from the number of points that are
specified. If a uniform computational grid is formed, the grid spacing is defined at each direction from
the ratio of the length of each computational box dimension to the number of points that are taken at
this direction. This ratio outcome should be the same for each of the three directions for a uniform
grid.

The next figure presents an example of the computational mess, the cubic unit cells and the
discretization at each axis depicting the initial mass density (in gr/cm?) distribution of a Z-pinch plasma.
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Figure 4.18: The top picture depicts the Z-pinch formation of the 4.9 figure with the Cartesian
computational mesh depiction of the 1/4 spatial distribution of the computational box. A magnification
picture is the one at the bottom left, depicting the computational cubic cells, while the magnification of
one cubic cell of 1um edge is the one at the right bottom picture. The grid consists of 200x200x40 cubic

cells at X-Y-Z axis respectively.

However, the cell aspect ratio can be different than one leading to a rectangular unit cells domain.
This is a strategy we use for the Z-pinch and X-pinch configuration at the next Chapter where we want
a finer resolution at the YX and YZ plane respectively due to the study of the plasma radial expansion
(Z-pinch) and jet evolution (X-pinch). The other options are the streched grid, logarithmic grid [1] and
the adaptive mesh refinement (AMR) functionality through the Chombo library [32]. This work uses
only the uniform cubic and rectangular cell spatial domain.

In PLUTO, volume averages are first reconstructed using piecewise monotonic interpolants inside
each computational cell. Although the components of conservative variables U are the primary
variables being updated, fluxes F are more conveniently computed using the primitive vector V
[1,26,32]. A Riemann problem is then solved at each interface with discontinuous left and right states,
and the solution is finally evolved in time for U. This is a supplementary description of the conservative
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variables updating along time for the simulation run as we discussed before (see figures 4.16 and
4.17).

When the computational grid is generated, each processor owns a domain portion defined by the
global integer variables IBEG <i < IEND, JBEG <j < JEND and KBEG < k < KEND. Ghost cells are added
outside the local computational domain to complete the stencil at the boundaries. This is depicted at
the next figure 4.19. The global variables NX1, NX2 and NX3 define the total number of points
(boundaries excluded) such as IEND - IBEG + 1 = NX1, JEND - JBEG + 1 = NX2, KEND - KBEG + 1 = NX3.
The total number of zones (for a given processor, boundaries included) is given by the global variables
NX1 TOT, NX2 TOT and NX3 TOT (see figure 4.19) [1,26]. For our Cartesian case X1,X2,X3 represent the
X,Y,Z spatial directions respectively.

e —
————
.
U

NX3_TOT=10

Figure 4.19: 3D computational grid with NX1 = NX2 = NX3=8 and 1 ghost zone cells giving NX1_TOT =
NX2_TOT = NX3_TOT=10. Internal zones (magenta boxed) are spanned by IBEG <i <IEND, JBEG < j <
JEND and KBEG < k< KEND. Grey colored boxes represent boundary ghost zones. The front line ghost
cells are not depicted except the transparent first at the left corner.
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4.3.3 The Riemann solver for flux computation

The exact solution to the Riemann problem involves the decay of a set of nonlinear waves and can be a
rather challenging task to achieve. The standard PLUTO code version has seven different Riemann
solvers which are: two shock, roe, ausm+, hlld, hllc, hll, tvdlf, from the most accurate to the most
diffusive ones.

We have run a numerous amount of Z and X-pinch models. We conclude that more accurate
Riemann solvers may introduce insufficient numerical dissipation for certain flow morphologies.
Sporadically, this could lead to a number of numerical pathologies such as the increase of diffusive
behavior especially at the magnetic field, odd-even couplings or lack of positivity-preserving properties
such as mass density, thermal pressure and internal energy density [26]. This is due to the complexity
of our configurations, especially the X-pinch ones.

The ones we thoroughly tested for a single Z-pinch configuration and present at the second section
of the next Chapter are the hllc (more accurate) and the tvdIf (more diffusive) solvers. The roe is more
sensitive to our simulations, sometimes not preserving the positivity of the physical variables till the
end of the execution runs. The same holds for the hlld but not for the hll. The other two are used only
for HD problems [1].

After a long testing period and the evaluation presented at the next Chapter, the most appropriate
choice for our problems seems to be the tvdIf solver (a Total Variation Diminishing (TVD) Riemann
solver for the computation flux, that is based on a Lax-Friedrichs scheme (TVDLF)) [26]. Of course this is
not the only choice depending on the nature of the simulation run and the computational scheme. If
the Riemann solver is deactivated at the vacuum area (as we discussed earlier and analyze at the 4.3.8
sub-section) the hll and hllc are also robust choices.

The radiation transport PLUTO version uses two different solvers for the matrix equation. The first
one is the built in SOR solver that uses the Successive Over Relaxation (SOR) method and a faster and
more flexible solver that uses the PETSc library [33]. In our simulations, the built in SOR solver is used.

4.3.4 The reconstruction scheme

The reconstruction scheme sets the spatial order of integration. Interpolation routines are designed to
reconstruct a piece-wise polynomial approximations P(x) to the primitive variables V inside each cell
for the output values of the physics variables [26]. Reconstruction methods have to satisfy
monotonicity constraints in order to avoid false oscillations in proximity of discontinuities and sharp
gradients. The built in options are [1]:

FLAT: first order reconstruction. The stencil is 1 point.

LINEAR: piecewise TVD linear reconstruction is applied to primitive variables. It is 2nd order accurate in
space. Stencil is 3 point wide.

WENOS3: provides 3rd order weighted essentially non-oscillatory reconstruction inside a cell using is 3-
point stencil.

LimO3: provides 3rd order limiter function based on a 3-point stencil.

PARABOLIC: piecewise parabolic method (PPM) as implemented by A. Mignone [A. Mignone 2014].
The stencil requires 5 zones.
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In our simulations for the Z-pinch single-wire configurations due to the simpler azimuthal form of
the magnetic field topology and the nearly cylindrical symmetry of the physical variables both LINEAR
and WENO3 are effective till later simulation times. For the X-pinch configurations we use WENO3 that
employs a local three-point stencil to achieve piece wise quadratic reconstruction for smooth data
preserving accuracy at local extrema (something that we have as an example for the thermal pressure
or magnetic field magnitude at very small areas i.e. the crosspoint area inside and outside the interface
with the vacuum at later simulation times).

4.3.5 Time stepping scheme

Here we present the time stepping scheme that controls the time step evolution along the simulation
run. It uses a combination of different time-marching algorithms, the determination of the Courant-
Friedrichs-Lewy (CFL) number, the CFL parabolic number, the Explicit Time Stepping integration and
the Super-time-Stepping (STS) technique.

4.3.5.1 Time stepping algorithms

PLUTO has several time-marching algorithms, which can be used in either a spatially split or unsplit
fashion, that are analytically described in references [1] and [26]. These are :

EULER: 1st (explicit) Euler algorithm.

RK2, RK3: 2nd or 3rd-order TVD Runge Kutta is used to advance the solution to the next time level.
CHARACTERISTIC TRACING, HANCOCK: The input states for the Riemann solver are computed by
Taylor expansion of the primitive variables at half-time step. They are 2nd order accurate in space and
time and less dissipative than the previous multi-step algorithms. HANCOCK should be combined with
linear reconstruction, while CHARACTERISTIC TRACING which does a more sophisticated characteristic
limiting, can be combined with all reconstruction algorithms [1,26].

The choice for our work is usually the RK2 algorithm along with the WENO3 reconstruction scheme.
The extra switch here is the DIMENSIONAL_SPLITTING, where it can be set to YES or NO. If it is active,
the operator L that denotes the discretized spatial operator in equation 4.44 is one-dimensional. If it is
deactivated, the contribution includes all the directions simultaneously [1]. Due to the intense
dissipative nature of our simulations, the high spatiotemporal derivatives of the physics variables (i.e.
in resistivities and thermal conductivities or in magnetic induction) and the topology of our plasma
configurations, the unsplit scheme is preferred. Generally dimensionally unsplit schemes avoid the
errors due to operator splitting and are generally preferred in all problems (astrophysical and
laboratory). Unsplit implementation of the Runge-Kutta algorithms usually requires a more restrictive
CFL condition. This is something that we discuss right away.

4.3.5.2 Time stepping determination (Courant-Friedrichs-Lewy (CFL) number)

The time step At" is computed using the information available from the previous integration time step
algorithms and it can be controlled by the Courant-Friedrichs-Lewy (CFL) number C,. The dimensional
unsplit scheme along with Runge Kutta integration sets a higher limit to the choice of the C, number
that is practically C,<1/Ngim [1,26], where Ngim in our case is three. An extra number controlling the
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ratio of two consecutive steps is the CFL_max_var that sets the maximum value allowed for At"/ At"™.
For our case we take a value approximating unity (~1.1).

4.3.5.3 Numerical integration of diffusion terms

Parabolic terms introduce second-order spatial derivatives and their treatment requires the solution of
diffusion equations. Typical examples include electric resistivity, thermal conductivity and viscosity
terms. These terms may be included in the original conservation law with the further time step
limitation At=min(At*® ,At"), where the At*® and At™ are the advective and parabolic time step
respectively.

There are two different integration schemes when the diffusion terms of the right hand side in
equation 4.44 are included: the Explicit Time Stepping and the Super-Time-Stepping (STS) [1]. The first
treats the parabolic and hyperbolic fluxes at the same time in an unsplit fashion. In our problems, high
resolution and large diffusion coefficients lead to drastic reduction of the time step along the
simulation runs thus making the computation impracticable. This is fixed if we choose the STS
integration scheme. In this case, the parabolic terms are treated in a separate step using operator
splitting and the solution vector is evolved over a super time step, equal to the advective one. It is less
accurate but way more efficient than the explicit one. It is mentioned [26] that in diffusion dominated
problems with high resolution the parabolic time step will eventually drop below the advection term.
Without the STS contribution, our configurations due to their demanding dissipative nature produce a
very low value time step making practically impossible the execution of the simulation.

Two extra coefficients are set to control the time step evolution when the STS module is activated.
The first one is the Cp (parabolic Courant number) that should be Cp<1/Ngm and is declared as
CFL_par. The second parameter controls the scale disparity between advection and diffusion time
scales by restricting the time step At, to be at most rmaxAtyar, Where rmay is a free parameter (rmax_par
in PLUTO language) [1].

A typical set of the CFL number related variables we use for the X-pinch configuration are:
CFL=0.25-0.3
CFL_max var=1.1
CFL_par=0.25
rmax_par=50.0-60.0

4.3.6 Solenoidal Constraint

The solution to the MHD equations must fulfil the solenoidal constraint of the magnetic induction,
V - B = 0 (no magnetic monopoles at the computational domain). This is practically impossible to be
true for the whole spatiotemporal evolution in the computational domain. The three formalisms
PLUTO adopts are: the Eight-Wave-Formulation, the Hyperbolic Divergence Cleaning and the
Constrained Transport (CT) [1,26]. The first two are usually used for the Z-pinch configurations, while
the second one is the more robust for the X-pinch configurations. The second one couples the
induction equation to a Generalized Lagrange Multiplier (GLM). A slightly different version, called the
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extended GLM formulation is better for our problems, especially at the X-pinch cases. This is used for
the X-pinch configuration at the next Chapter.

4.3.7 Ntracer-passive scalar process

A more sophisticated technique is the Ntracer-passive scalar multi-material process that is
implemented in PLUTO by the NTRACER switch [1]. It is a common technique in HD turbulent mixing
flows [34]. Similar situations are also studied in Astrophysics i.e. in the turbulent interstellar material
mixing flows [35]. The existence of the vacuum region in this MHD simulation is modelled using a low-
density background, as we already have mentioned. Thus, a multimaterial approximation is adopted
for the transition zone, which is identified using a passive scalar function. This approach results to a
mixing process of the two materials and is adopted to monitor nonphysical transitions. Selecting the
mass density p as the origin of the passive scalar variable, we introduce a function TRC in the code that
is advected through equation (4.43). As MHD is a more complex and diffusive evolution process than
the fluid HD cases, the passive scalar treatment introduces a better mixing procedure of the two
plasma materials, the plasma temperature and the magnetic field evolution, avoiding this way early
shock waves and jump conditions. The PDE that is used in a conservative formiis:

a(pQ)
ot

+ V- (pQu) =0 (4.43)

where Q is the passive scalar variable. The mixing material procedure and the passive scalar treatment
are analytically discussed at the second and third sections of the next Chapter respectively. If the
Riemann solver is deactivated at the vacuum region, as we discuss at the next section, this is not an
active approach.

4.3.8 Boundaries

Pluto has a variety of embodied sets of boundary conditions. The user can also code their own
boundary conditions if it is necessary for the physical problem [1]. Here we present the appropriate
boundary modules of our needs for the Z-pinch single cable, Z-array and X-pinch configurations. Most
of the models at the next Chapter are a symmetric part of the experimental devise and the boundary
conditions are crucial for the correct plasma evolution. These are:

i. outflow

Sets zero gradient across the boundary for the scalar and the vector variables. They are the typical set
for a Z-pinch or an X-pinch configuration considering a large computational box, having the boundary
planes as far as possible from the main plasma evolution. This set is valid for every boundary plane
only if we simulate the whole geometry configuration (not necessarily the whole experimental) and
not a symmetric part.

ii. reflective

Reflective (rigid walls) boundary conditions. Variables are symmetrized across the boundary and
normal components of vector fields flip signs. This set is used for the xy (z=0) boundary plane of the
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1/8 volumetric modelling of the X-pinch configuration due to the specific X symmetry of the B field, the
vector velocities and the scalar variables at this plane (see figure 4.20).
iii. eqtsymmetric
Sets equatorial/mirror symmetry with respect to a given plane. It is similar to reflective, but with
reversed sign for the magnetic field, we use it at the xz (y=0) and yz (x=0) planes to simulate the
previous model (figure 4.20). This is also valid for the Z-array configuration, modeling only one of the
four plasma cables or a Z-pinch single wire simulating 1/4 of the plasma cable (figure 4.20).
iv. periodic
Sets periodic boundary conditions on both sides of the computational domain. This is valid for the Z-
pinch single wire or array configuration at the interface of the boundaries and the plasma cylinder
(figure 4.20).
v. User defined boundaries at the interface of the X-pinch cable and the boundary surface. We set
there zero the normal components, similarly with the outflow case, for all the primitive quantity
values, constraining the cable end along the simulation run (figure 4.20).

The boundary conditions set for the radiation solver, follow the same assumptions described above.
vi. Internal boundary conditions
The user has full control over the solution array enabling this option. This feature can be used to adjust
the value of selected cell-centered primitive variables inside a specific region of the computational
domain rather than at boundaries. We can isolate a spatial area making it time-independent, where
variables are fixed in time and do not evolve by the algorithm. This is an option tested at the next
Chapter along with a similar technique used by GORGON. The threshold value is the vacuum mass
density. All the primitive variables have a fixed value at the vacuum area except the magnetic field
spatiotemporal evolution that is still active in the whole computational domain.
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Figure 4.20: PLUTO models of Z-pinch, Z-pinch array and X-pinch configurations. The first row depicts
the whole configuration and the other two 1/4 and 1/8 symmetric models respectively presenting the
set of boundary conditions for each case. The 2D pictures are at the mid plane of the computational
box.

4.3.9 Dimensionalizing the physical variables of PLUTO

Pluto by default works without unit dimensions. This way, it avoids that flow quantities can be properly
scaled to “reasonable” numbers in order to avoid occurrences of extremely small or large numbers

158



that may be misinterpreted by numerical algorithms [1]. For our case, dimensionalization is necessary
due to the dissipative nature of our problem and the experimental estimation of the spatiotemporal
evolution of all the physics variables. We return to the scale invariant description of our variables at
the last section of the next Chapter, where we present the Laboratory-Astrophysical scaling.

PLUTO requires three fundamental units to be specified through the definitions of the following
symbolic constants p,, U, and |l,, which are the unit density, velocity and length in c.g.s units [1]. A
typical set for our case are po= 10’6gr/cm3, Uo= 10%°cm/s and 1,=103cm. All the other unit variables are a
combination of these three i.e. to=l,/u,=1ns (a typical time for our case that the timescale is a few tens
of nanoseconds). This is also the unit value n, for the resistivity. The thermal pressure and magnetic
field units are: Po=pous>=10°dyn/cm? (through the definition of the Bernoulli pressure) and Bo=(4m
Polo’)®® ~3.5:10% Gauss (through the Alfvén velocity definition).

All the physics variables can be dimensionalized from the unit values through the equation, A=
A'A,, where the A is the dimensionless PLUTO variable and A, the relevant unit variable in c.g.s metric
system.

4.4 Summary/Conclusions

PLUTO is a very powerful numerical tool, with a lot of different switches and numerical schemes that
offer flexible combinations to simulate the physical problem. The variety of 7 Riemann solvers, 5
Reconstruction schemes, 8 different boundary condition implementations (including the user defined
and internal boundary module for more and better choices for the outer and inner boundaries
respectively), 5 different marching algorithms for the time step determination, are among other
alternatives that this code offers. These are only for the 4.2 version while the 4.3 has additional
modules i.e. particle-related options and the Hall MHD term in the dissipative form [36,37,38]. The
flexibility of the code also relies on the C programming language and the numerous subroutines
implemented for each MHD or dissipative term. This way we can directly modify the relevant terms
adjusting them to the physical problem of interest.

Now PLUTO is capable of simulating satisfactory (see next Chapters for the results detailed analysis)
laboratory metal plasmas of all different material and magnetic field geometries. For the time being
the only metal plasma implemented in the code is tungsten but it can be (and will be) implemented to
any metal plasma with known tabular data from the FLYCHK code [30,31] and the SESAME/MGGB EOS
[29,30].

The mathematical and physical model using the Local to Global and vise versa physics variable
correlation, as we described in section 4.1, provide a useful technique for the initial condition topology
of all the physics variables, including the magnetic field, of any plasma configuration of a Z-pinch, X-
pinch and Z-pinch array, as we analytically presented. This modelling is also used in GORGON code for
the mass density and temperature profiles presenting similar results with the simulation runs of PLUTO
with the same geometry modelling (this is examined thoroughly at the Result Chapter as we already
mentioned and at this Chapter at the preliminary results section of the "cold" start model).

The preliminary results from the X-pinch tangent wires with the GORGON code and the Z-array with
PLUTO are very promising and insightful according to the initial stages of the plasma evolution (i.e. at
the "cold" start of two tungsten wires and their matching with the experimental description) for a
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more detailed future work. The validation of the simulations results from the PLUTO (considering
experimental data) and GORGON models for the Z-pinch and X-pinch configurations is the subject of
the next Chapter.
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CHAPTER 5

NUMERICAL RESULTS AND COMPARISON WITH EXPERIMENTS-ASTROPHYSICAL
SCALING

5.1 Experimental setup and diagnostics

The X-pinch experiments were carried out at the Institute for Plasma Physics and Lasers (IPPL) in
Rethymno, Crete. IPPL is one of the access points of the National Research Infrastructure “ELI-
LASERLAB Europe Synergy, HiPER & IPERION-CH.gr” (HELLAS-CH) and was the leader of the
“Fundamental Science Program ” of the ESFRI research infrastructure HiPER. The three main research
fields of the institute are: i. Laser Matter Interactions, ii. Plasma Science & Technology, iii. Numerical
Modeling & Simulations [1,2].

Figure 5.1.1: Top left: the building of IPPL, Top right: An external picture of the X-pinch setup with the
vacuum chambers. Bottom left (A): The initial position of the two wires inside the vacuum chamber
connecting the anode and the cathode. Bottom right (B): the final geometry of the two wires after 185°
rotation of the anode for the creation of the X-pinch configuration.

The X-pinch experiments are carried out using a table-top X-pinch pulsed powered plasma
generator implemented in a mode of producing peak currents of ~45-46 kA with a rise time (10%-90%)
of ~50 ns, loaded with thin pure metallic tungsten wires. The distance between anode-cathode is 15
mm and the X-pinch wires are set to a wide angle of ~100° at the third subsection simulations and
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experiments and at a sharp angle of 50° at the fourth subsection of the two MHD codes (PLUTO-
GORGON) for comparison reasons.

The design and construction of the X-pinch device has been implemented during a funded EU
Marie-Curie Transfer of Knowledge Excellence Grant “DAIX” (Development of an Innovative X-ray
source) on pulsed power X-pinch plasma devices [3].

The device is a Capacitive Energy Storage Generator type (CESG) that consists (see Figure 5.1.2) of a
high voltage pulsed power supply (Known as Marx generator), a high voltage & current coaxial wiring,
a pulse forming line (PFL), a self-breaking spark gap switch (SBS) and a load chamber (vacuum
chamber).

It is operated by the Marx bank containing four capacitors (0.22 uF, up to 50 kV each) which then
couples the electrical energy into a water dielectric pulse-forming coaxial line having an impedance of
~2 Ohms (figure 5.1.2).
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Figure 5.1.2: Schematic presentation of the CESG electrical circuits involved in pulse compression.
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The Marx bank charged at 37 kV has a deposited energy of 600)J and provides a high voltage
negative polarity output to PFL when triggered. After reaching the breakdown voltage of the final
spark-gap switch, the current begins to flow through the wire to the anode. The breakdown threshold
can be controlled from the buffer gas (SF6) pressure that filled the vacuum chamber that contains the
switch. A V-dot probe and a Rogowski groove are used to measure the time derivatives of the voltage
at the PFL and, of the current passing through the wire respectively. These signals are recorded by a
fast digital oscilloscope (LeCroy, Waverunner 6100A) located inside a home-made Faraday-shielded
room. Their time integrations provide the corresponding voltage and current waveforms. The V-dot
signal is also used to drive the trigger/delay unit for the laser pulse output. In this way, the jitter due
the Marx bank does not affect significantly the time arrival of the laser pulse on the target wire.

The pressure of the SF6 gas is adjusted to the optimum value so that the circuit breaks at the
desired voltage (160-220 kV). The load chamber is under high vacuum (<6x10™mbar), thus ensuring
that there is no air-plasma generated. Voltage (V-dot) and current (Rogowski groove) monitors are
attached at the end of the pulse forming line and at the anode (fit around one of the four current
return posts) of the load chamber, respectively. The load chamber has eight viewing ports allowing
multiple diagnostics for single shot [4,5,6,7].

Indicative recorded signals and their integrated waveforms are shown in figure 5.1.3. The V-dot
signal corresponds to the derivative of the voltage at the PFL, while its integral corresponds to the PFL
voltage. The Rogowski-groove signal corresponds to the derivative of the current, while its integral
corresponds to the current waveform [4].
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Figure 5.1.3: Oscilloscope recorded signals and their computed integrals. Arrows indicate the
corresponding vertical axis. The current waveform presents a peak current of ~46 kA [4,5].

The values of the voltage at the PFL and the current are obtained by the multiplication of the integrals
by proper coefficients (1.05 kA/uV'sec for current in kilo-amperes and 5.32 kV/uV'sec for voltage in
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kilo-volts). Thus we take a current waveform of ~46kA initial magnitude with a period of ~200ns. This is
the integral current we use for the code updating along the simulation run (as we already mentioned
earlier and analytically discuss at the 5.3 section).

To study the temporal evolution of the plasma in the X-pinch configuration a three frame Mach—
Zender type interferometer (or a shadowgraphy set up) is developed and used. A frequency doubled,
Q-switched Nd-YAG laser (532 nm) with a backward stimulated Brillouin scattering (SBS) pulse
compression generating a pulse of 150 ps duration (FWHM of the Gaussian-like temporal profile), is
used as a probing light source. First, as shown in figure 5.1.4, the laser beam diameter is expanded and
collimated by a combination of negative (L1) and positive (L,) lenses. Then, the broaded spatially beam
is directed to a network of two time-delay lines and the beams 1, 2 and 3 are produced. Due to the
adjusted differences in the light paths, there are time delays of 6.5 ns between beams 1 and 2, and 7.8
ns between beams 2 and 3. When the probing light beams 1, 2 and 3 with different delays pass though
the plasma (cross the same plasma volume), they are (are not) combined with three reference beams
and thus, creating a sequence of three frames of plasma interferogram (shadowgram) that are
recorded with three CCD cameras respectively. The imaging system is implemented by a single lens (Ls)
so that the magnification in the plane of observation is equal to ~0.8. Also, for the suppression of
plasma illumination a combination of interference and neutral filters are stacked at the front side of
each camera.

This setup was introduced as a single frame diagnostic in [4] and is here modified to capture three
plasma images with a temporal delay of ~7ns and ~8 ns. When laser optical probing diagnostics
experiments are executed, there is a limitation for the maximum detectable electron density. A
characteristic opaque area is formed on shadowgraphy and interferometry plasma images. This
opaque area is formed due to a) the plasma critical density effect where the probing laser pulse
experiences a cut-off at the critical density and therefore cannot propagate further into the plasma
[8,9,10],b) refraction of the probing laser pulse due to the steep plasma density gradients which leads
laser rays outside of the acceptance angle of the optical system and c) absorption of the probing laser
pulse in the plasma.
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Figure 5.1.4: 2D schematic presentation of the interferometer/shadowgraphy experimental setup.

In order to gain information concerning the refractive index and hence the electron density of a
plasma we have to estimate the critical density n.. For the calculation of n. we use the expression for
the plasma frequency. Light can only propagates through a plasma if the frequency of the plasma wy is
lower than that of the probe beam wiight. To determine the maximum density which can be probed,
known as the critical density nc, the frequency of the light is set equal to the plasma frequency:

(5.1.1)

Solving for n. we get:

. = 1.113 - 102'A"*(cm™?), wavelength A in pm (5.1.2)
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In our case the critical plasma density as it results from the 532nm (=0.532 um) laser wavelength is n. =
4.410*'cm™[11,12].

For the detection of the upper and lower limits of the a real electron density we use the
interferometry images. The interferometry technique is used to determine the electron density
distribution, since the refractive index is related to free electron density. The refractive index in a
plasma is given by:

n®=1-— (5.1.3)

Ne

where ne is the electron density and n. is given from 5.1.2 equation. If the plasma electron density is
much smaller than the critical one, we get through a Taylor approximation:

=1 - 5.1.4
n ) (5.1.4)
and the phase shift simplifies to:
Ad = jn dl 5.1.5
2cn. ) ¢ (5.1.5)

where c is the speed of light and integration in over the spatial dimension of the plasma propagated by
the laser beam. For a phase shift Ap=2m the fringe shift fis one. Thus, it is possible to obtain the fringe
shift distribution as a function of radius [10,11,12].

Considering a probe beam traveling a distance | through the plasma, the line density can be
expressed as:

fne(cm‘3) dl = 4.0 - 1017 f (areal density in (cm™2)) (5.1.6)

For equation 5.1.6 to be true, n. approximated to be constant through the plasma. If this is not the
case, then n. may be taken as the average electron density along the probe beam path [11]. In most
experimental circumstances this is an unrealistic assumption and the density profile can only be
recovered through an Abel Inversion [10].

Consequently, the calculation for the determination of the electron density can be performed in the
areas of density lower than the density of the opaque area. The upper limit which corresponds to the
density border of the opaque area is determined by the analysis of interferograms and correspond to a
fringe shift f equal to 2.5, before the saturation within the opaque area. This fringe shift corresponds to
an areal electron density value equal to 110" cm™ for our 532 nm laser wavelength as obtained by the
equation 5.1.5. The lower limit of 2710 cm™ corresponds to a fringe shift of ~1/20 of their period,
determined by the spatial resolution of the image (figure 5.3.2 at the third section).

The interferometry data are analyzed using the software package IDEA [13]. Prior to each shot, we
take a background interferogram to use as the reference for the plasma interferogram. After the
plasma discharge, both the background and the plasma interferograms were imported into IDEA and
processed identically. IDEA first performs a Fast-Fourier transform (FFT), producing a zero frequency.
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This zero frequency is selected, and the program then performs a reverse FFT to recreate the image,
which then allows IDEA to determine the phase shift of the fringes relative to a point selected near the
center of the image. The contours of the phase-shift data are then smoothed to create a continuous
profile. At this point, we subtract the background phase-shift image from the phase shift image of the
X-pinch discharge, giving a difference profile. The areal electron density mapping is produced via a
simple rescaling that sets the minimum value in the image to zero and then multiplies by a constant
specific to the wavelength of the laser used. Through the use of the interferogram analysis program
IDEA it is possible to generate a continuous areal density plot which provides a more complete picture
when compared with measuring densities at discrete location (see the third section and [11] and [14]
for further discussion).

The simulated areal electron density at the yz plane for the X-pinch plasma formation is obtained by
integrating the volumetric electron density along the x-axis. A multiplication by 2 delivers the total
electron density considering the negative x-axis octant due to the 1/8 symmetry of the PLUTO models.
The areal densities of the simulation are extracted using the well known software programming
language MATLAB by MathWorks (experimental and simulation areal densities are at the 5.3.4 figure in
section three of this Chapter).

The shadowgraphy experimental imaging technique is the second image type in this work. The
focused shadowgraphy channel is sensitive to record the second derivative of the density gradients
and is used for qualitative analysis only (see the relative third section and figure 5.3.2).

A similar experimental setup, as in figure 5.1.2, was used also in the experiments of the Z-pinch
tungsten configuration at the next section. The current generator (IMP) used to drive the fiber Z-pinch
consists of a high voltage Marx bank (eight capacitors, each of 0.7 mF, 100 kV), which charges the pulse
forming line. The transmission line is coaxial with a water dielectric. It has impedance of 4V and a
single transit time of 40 ns. The pulse forming line voltage is applied to a Z-pinch load via a fast self-
breaking SF6 switch. The load is isolated from the switch inductance using a matched transfer section.
The generator provides a peak current of 160 kA with a 10%—90% rise time of 65 ns [15].
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5.2 Computational study of a single wire Z-pinch plasma dynamic evolution through
four different EOS models-Comparison of two different Riemann solvers and two
different vacuum temperature evolution modeling

In this section we will clarify the affection of the different Riemann solvers at the numerical plasma
evolution estimation and diffusion they cause mainly in the magnetic field topology. It is important
also to evaluate the influence of the environmental thin air plasma, oftenly characterized in this work
as low density background or in other words, plasma vacuum. It is crucial to understand whether we
can have a realistic approximation modeling, with an active second plasma material the thin air plasma
or we should have a vacuum plasma area that does not literally evolve along the simulation run. For
this purpose, we choose a very simple approximation of a plasma Z-load material tungsten wire. The
experimental data we use are from the literature experiment (experimental setup is shown at the
previous section) evaluating the plasma evolution of aluminum and tungsten plasma Z-loads of single
wires [1].

For this specific calculations we utilize :

i. the PVTE (Pressure-Volume-Temperature-Energy) Equations of state — EOS which are modified using
tabulated data by SESAME Database [2,3] (analysis in Chapter 3/Part I).

ii. the electrical resistivity from the simple modified formula of Spitzer equation as presented in
equations 3.52-3.55 in Chapter 3.

iii. the optically thin radiative losses module is taken into account using tabulated data by the help of
the FLYCHK code[4] (Chapter 3/Part I).

iv. a modified radiation transport module is used, described analytically at the Chapter 3/ Part |
relative section [5].

v. plasma density is determined using the effective ionization charge state, by the help of tabulated
values that FLYCHK code provides [4,6] (Chapter 3/Part I).

The MHD scheme used here is presented in detail at the first section of Part | in Chapter 3. Note
that the only dissipative term we use, beside radiation losses, is the electrical resisistivity.

The modeling of the interface region is based on four approximations and two different PLUTO
solvers are used in the simulations. The simulations are repeated with the temperature of vacuum
constrained resulting to sixteen simulation cases. The comparison of the simulations with the
experimental results provides insights to the influence of our code modifications to the dynamic
approximations of physical quantities such as, material density, magnetic field, plasma temperature
and plasma energy. The simulation duration time we use is 22ns from the current start, representing
the first moment of experimental results [1,7].

5.2.1 MHD material modeling

The PLUTO MHD code [8,9] is able to model the solution domain consisted of different materials by
the help of user-defined functions. The existence of two materials in the solution domain is modeled
by four approximations: i. approximation mat, where the solution domain consists of the tungsten
material. ii. approximation vac, where two individual material regions of tungsten and vacuum are
considered. The materials interface is defined by approximately seven orders lower value pjn of
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density compared to the density of the solid tungsten. The other two (iii) lin and (iv) exp
approximations are implemented. A new density threshold pyac=piim/2 in conjunction with pjin, is used
to simulate the three regions for the connection of the pure vacuum Region | with the dense tungsten
Region lll. Region Il is their transition region. In approximation lin, the linear mixing function Q for the
pressure, internal energy, temperature and radiative cooling coefficient is defined by:

Q= fW1010gQ(W) +(1_fw)1010gQ(air) (5.2.1)

where logQ(w) and logQ(air) are the logarithmic data from the SESAME tables for tungsten and air
respectively and f,, is a weighted function. Likewise, for the fourth approximation exp, an exponential
function is used:

Q= 10fwlogQ(w)+(1-f,)logQ(air)

(5.2.2)
The weighted function for the approximations iii. lin and iv. exp, is expressed as:
Region ID Range lin or exp
£ I P = Pyac 0
v II pvac S p S pllm (p - pvac)/(pllm - pvac) (523)
II1 Plim =P 1

The effective ionization charge state, is calculated by linear interpolation using the weighted
function of Equation 5.2.3. A schematic presentation of the sixteen different cases are at the next flow
chart.
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Four EOS models Sixteen model cases

Two solvers Two vacuum evolutions

Temperature vacuum=constant

Temperature vacuums=varying

eooa

*HLLC: Harten, Lax, Van Leer approximate Riemann solver.
*TVDLF: A simple Lax-Friedrichs scheme is used.

Figure 5.2.1: Flow chart of the 4 EOS, the two Riemann solvers [8,9] and the two vacuum temperature
evolutions used at this study, resulting in 16 different model cases.

5.2.2 Computational results

The physical Z-pinch experiment, studied in this work, has a load of a single cylindrical tungsten wire
with a diameter of 5 um [1]. Based on the quarter symmetry of the model only the first quarter of the
domain is modeled, and the 3D solution domain has the size of 5000x5000x80 um?. The numerical
results are presented on the xy plane cross section of the model at the midpoint of the wire and are
spatially focused on the region of interest having a size of 200x200 um?. Eqtsymmetric boundary
conditions are used on the symmetry planes while outflow is set for the outer xz and yz boundary
planes and periodic for the top and bottom xy planes of the domain [8] (see Chapter 4/boundary
section). The size of the solution domain was determined by sensitivity analysis. In relation to the
solution time of the model these dimensions prevent the reflections of the shock waves on the xz and
yz outer boundaries.

The initial distributions of material density p, thermal pressure p, the magnitude of the magnetic
field Bmag, temperature T (eV), the electron density N. and radiation energy density E.q are illustrated
in figure 5.2.2. The material density and thermal pressure are approxiated by a Gaussian spatial
distribution profile, in order to provide a smooth transition from the core of the wire to the rest of the
outward domain. The amplitudes and widths of these Gaussian distributions are selected in
accordance to the experimental observations and represent the physical conditions at the initial time-
steps of the plasma generation. As it is observed by figure 5.2.2, the maximum value of the material
density approaches the value of 0.53 gr/cm?®, being 40 times smaller than tungsten’s solid density and
asymptotically approaches the value of pyac. The maximum value of the mass density is at ~20um. The
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maximum value of thermal pressure approaches the value of 1.7x10° dyn/cm? and asymptotically
approaches the vacuum pressure of the experimental chamber. The temperature distribution is related
to the physical quantities of the EQOS, follows the distribution of pressure and density, while at the
coronal plasma a thermal shock wave is observed and is in accordance with the experimental findings.
The temperature at the core of the wire approaches the melting temperature of tungsten and
asymptotically approximates the environmental temperature. The component of the magnetic field
that is considered is the azimuthal one and is computed based on the assumption of existence of
current density only on the z direction and the skin effect is also included. The magnetic field increases
proportionally to the radial distance to a maximum value. For a radius of 20 um, where the core and
coronal plasma meet, the magnetic field decreases and expands to the domain following the 1/radius
law (see similar magnetic field and current density lineout profiles at figure 4.8/Chapter 4). The
temporal evolution of the magnetic field follows the form of the current with a peak of 160 kA and a
rise time (10%—90%) of 65 ns [1]. The radiation energy density is computed using the Stefan—
Boltzmann law (black-body radiation). It may be observed that the radiation energy density follows the
distribution of temperature. The electron density occurs from the contributions of the physical
guantities of the EOS and the effective ionization charge state following a shifted Gaussian distribution
having a maximum value where core and coronal plasma meet. In the sub-figure of electron density,
the discretization of the finite volume scheme is presented, having a size of 700x700 x8 cells for the
solution domain with a unit length of ~7um for x,y axes and 10um for the z (rectangular cells).

p (gricm) : B,.., (gauss)

3

Figure 5.2.2: Initial distributions of material density p, thermal pressure p, magnitude of magnetic field
Bmag, temperature T(eV), electron density Ne and radiation energy density E..q over XY plane cross
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section. Spatial resolution is ~7um at x,y dimensions and 10um at the z. Unit length in all graphs is
10um.

Two different Riemann solvers are tested, the hllc solver and the tvdIlf solver for the flux
computation [8,9] (see Chapter 4/solver section). The prevention of the diffusion of the magnetic field
in the vacuum region is obtained by preserving the resistivity value at a high level. This is achieved by
setting the vacuum temperature at a constant low value, i.e. 50 meV for this study and for densities
having values lower than the pjn. Therefore, the approximations lin, exp, mat, vac solved by two
solvers and constant const temp or varying var temp, vacuum temperature, result to 16 different test
cases. With regard to the expected results the cylindrical symmetry of the model should prescribe a
correspondent evolution of the physical phenomena without any azimuthal variations. In figures 5.2.3-
5.2.5 three representative physical quantities of the electron density, the magnetic field, and the
temperature, respectively, are selected to demonstrate the performance of the 16 model cases for a
problem temporal time of t=22 ns. This is the first temporal moment of the experimental results in [1].
Two test cases, the vac approximation with constant vacuum temperature and the mat approximation
with varying vacuum temperature and for the hllc solver had an early termination time at 17 and 21 ns
respectively.

In figure 5.2.3, for the majority of the investigated test cases, the computed electron density is in
very good agreement with the experimental results measured in [1] where the corona plasma expands
to a radius of ~70um for an electron density of about 3x10*® cm™ at 22 ns from the current start. In
more particular, the majority of the investigated test cases present slight deviations from the ideal
cylindrical symmetry, while large deviations are presented for the exp approximation using the hllc
solver and for varying vacuum temperature. For all the approximations with constant temperature a
shock wave appears in the corona regime (corona "ring").

The radial expansion of plasma cylinder is 65um to 85 um, having the higher values at all const
temp models and the lowest at the var temp models except for the mat model with the tvdIf solver
that presents the higher expansion of ~85um. A mean value velocity till this early expansion temporal
moment is ~3-4um/ns or ~3-4km/s, a reasonable estimation according to the experiments that give a
mean expansion velocity ~10km/s till ~130ns from the current start [1].
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lin exp mat vac

consttemp - TVDLF consttemp - HLLC

var temp - HLLC

var temp - TVDLF

Figure 5.2.3: Electron density for the 16 different test cases at 22ns from the current start. Unit length
in all graphs is 10um.

In figure 5.2.4, for all the test cases, the diffusion of the magnetic field is apparent since the
maximum value of the magnetic field is located in a radius of 8020 um, in relation to the initial radius.
The form of the diffusion of the magnetic field is not realistic for the approximations lin and vac using
the two solvers and for varying temperature. The exp approximation using the hllc solver and for
varying vacuum temperature presents azimuthal variations in the magnetic field topology while the

tvdlf solver does not but has a more diffusive behavior. Smaller variations are also present for the mat
model and the hllc solver for the var temp case.
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var temp - HLLC const temp - TVDLF const temp - HLLC

var temp - TVDLF

Figure 5.2.4: Magnitude of magnetic field for the 16 different test cases at 22ns from the current start.
Unit length in all graphs is 10um.

In figure 5.2.5, the test cases with constant vacuum temperature provide a more realistic
approximation of the temperature distribution than the ones with the vacuum varying temperature. A
temperature range of 1-40 eV is apparent in the corona regime, while the core temperature increases
to about 0.9 eV.

The temperature profiles of the varying temperature environment are not realistic for the lin and
var models for both solvers, presenting temperatures of ~100eV at the corona and vacuum regime.
The other two models exp and mat present lower temperatures at the same regions having also
"islands" of ~40eV temperatures at the periphery of the corona "ring" for both solvers while the tvdIf
presents a smoother behavior. The exp model for the hllc solver presents deformations to the
temperature ring and much bigger spatial temperature "islands".
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The temperatures of a cold core of ~1eV to a hotter corona of a maximum value of ~40eV are
consistent with other tungsten plasmas simulations and experiments of similar current loads that
support the cold core temporal evolution of some eV till late experimental times [10,11].

lin exp mat vac

var temp - HLLC const temp - TVDLF const temp - HLLC

var temp - TVDLF

Figure 5.2.5: Temperature distribution for the 16 test cases at 22ns from the current start. Unit length
in all graphs is 10um.

In figure 5.2.6 is presented the influence of the radiation transport model on the plasma evolution
for a representative test case. Results of electron density, thermal pressure, plasma temperature,
material density and radiation energy density are depicted for the lin approximation using the tvdIf
solver and constant temperature of the vacuum. It is observed that the radiation transport terms
remove energy from the plasma and provide better expansion and cooling results. The model with no
radiation presents: i. deviations from the cylindrical symmetry for both electron and material density,
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ii. The expansion of the thermal pressure is very large and iii. The plasma temperature of ~200eV is not
physical in the corona regime. The core and corona expansion for the model with radiation is located in
a radius of 30um and 75um respectively. Furthermore, regarding the energy radiation density, the
maximum value appears near the outer limit of the corona region. The diffusion nature of tvdIf solver
in combination with the mixing lin-EQOS may lead to the radial deformation profiles of electron density,
temperature and mass density when there in no radiation transport (bottom row). Models of mat-EOS
and vac-EQS, lacking the transition Region Il, do not present this deformation behavior but are more
diffusive.

Figure 5.2.6: Influence of the radiation transport model. The results including the radiation transport
are depicted on the top row. The temporal moment is 22ns from the current start. Unit length in all
graphs is 10um.

5.2.4 Conclusions

The inclusion of the radiation transport is significant for the spatiotemporal evolution of electron
density, pressure and temperature to be consistent with literature results. The majority of the
investigated test cases simulate the plasma expansion with small variations from the experimental
reference measurements for the 22ns experimental time at the xy plane at z=0. Regarding the
necessary preservation of the expected cylindrical shape of the computed physical quantities,
qualitative results are obtained using the approximations with constant vacuum temperature. TvdIf
solver provides smoother but more diffusive results. From now on the lin-EOS, constant vacuum
temperature and the tvdlIf solver is the standard implementation scheme of the next sections models.

The inclusion of a passive scalar function for the multi-material approximation lin, exp and vac,
identifying the transition zone will help to have a smoother behavior at the tungsten plasma-vacuum
air interface, avoiding deformations, allowing for smaller computational boxes. This is presented at the
next subsection for a two wire X-pinch load.

A different approximation of this two-component plasma evolution, consists the deactivation of the
Riemann solver technique using the internal boundary switch (see the relative boundary condition
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subsection at the 4 Chapter) at the fourth section of this Chapter where there is no need of this
mixture scheme.
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5.3 A numerical study of a two wire X-pinch plasma dynamics and jet formation
validated by experiment

The capabilities of PLUTO code, as we discussed earlier, are extended now to enable the investigation
of low current produced X-pinch plasmas. The numerical and physical modules of the code used and
appropriately modified are presented and discussed at Chapters three and four. The simulations
results are compared to experiments, carried out on a table-top pulsed power plasma generator
implemented in a mode of producing a peak current of ~“46kA with a rise time (10%-90%) of 50ns,
loaded with tungsten wires. This experimental setup is presented at the first section of this Chapter.
The structural evolution of plasma density is studied, and the influence of the magnetic field is
analyzed with the help of the new simulation data. The concept of the global and the local magnetic
field is discussed.

The numerical results are found to be consistent with experimental measurements using laser
probing diagnostics. A three frame per shot laser shadowgraphy and interferometry setup allows for
the measurement of the plasma expansion velocity and the time evolution of the plasma electron
density (section 5.1). The spatiotemporal plasma jet formation and evolution is presented and
discussed here. The simulated areal mass density is compared with the experimentally measured
dense opaque region to enlighten the dense plasma evolution. In addition, the experimental measured
areal electron density is compared to the simulation results (details in the experimental setup at 5.1
section). Moreover, the new simulation data offer valuable insights to the main jet formation
mechanisms, that are further analyzed and discussed in relation to the influence of the JxB force and
the momentum density.

The X-pinch configuration consists of two regions, that of tungsten (load) and that of the low-
density background. The lin model with the tvdIf solver and a constant temperature vacuum are used
as we described in the previous section. The novelty from the previous models is the activation of a
passive scalar function used for the intermediate transition zone for a smoother transition among
these two regions. The implementation description follows at the next subsection.

The MHD scheme with the set of equations is the same as the one of the Z-pinch load of the
previous section. The set of equations and the radiation module are described in Chapter 3/PART I. The
smooth transition of resistivity from the plasma to the vacuum regions follows the equation of 3.58 in
Chapter 3/Part Il. The skin effect is considered following the 2.9-2.11 equations in Chapter 2.

5.3.1 Multi-material mixing procedure

As we already discussed the existence of the vacuum region in this MHD simulation is modeled using a
low-density background of plasma air. Thus, a multi-material approximation (the lin module) is
adopted for the transition zone which is identified using a passive scalar function. This approach results
to a mixing process of the two materials and is adopted to monitor nonphysical transitions.

A mass fraction Y;, i = 1,2 is introduced, with: Y; = p1/p and Y, = p,/p, where p; is the tungsten mass
density and p; the dry air mass density, while p = p; + p, is the total mass density. In this approach the
values of the two mass densities are calculated. To determine the value of Y; a passive scalar trace (f,1)
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is used, with Yy = (f;1+1)/2 and -1 < f,; <1. This traceis advected by the following equation (see equation
4.43 of Chapter 4):

d(pf.
AN v (pfy ) = 0 (53.1)

The initial mass fraction Y;(0) is expressed as:

Region ID Range Value
[ P = Pvac 0
Y, (0) =
1( ) I1 Pvac < p < Plim (p - pvac)/(plim - pvac) (5_3_2)
I11 Plim = P 1

The lower mass density value (p;m) for tungsten plasma is defined to be six orders of magnitude
lower than the solid density of tungsten. For the initialization, a density threshold value (pyac = piim/10)
is used to create three regions: Region lll of pure tungsten, Region | of low-density air background and
Region Il being the transition region between | and IlI.

The linear mixing function for primitive to conservative (and vice versa) transformations (V
represents p or pe) is defined by:

V= Z Yi Vik(Vio
Ke12 k k( k p) (533)

where V; and V, are the interpolated data from the SESAME data tables for tungsten and dry air
respectively and V'=p or V'=pe. For k species (e.g. k = 1 for tungsten and k = 2 for dry air) the total ion

Pk P
N; = Z Ny = Z -
1 fk mM;  m,M (5.3.4)

k=1,2 k=1,2 u

density N;is:

where: m, is the atomic mass unit, My is the molecular weight for each of the k species and M is the
average molecular weight, defined as:

1 z Yk
M My (5.3.5)
k=1,2
The total electron density (Ne) is:
Ne = ZyNiy
& (5.3.6)

where Zy is the mean ionization charge for each of the k species defined by tabulated data as:

Zy = Zx(Yxp, T)

(5.3.7)
The effective mean ionization charge Z.¢ of plasma is defined as:
Zegf = N, (5.3.8)

181



and finally, the cooling function (of equation 3.23 in CHAPTER 3/PART ) is:

A=) Nulh(piT)
L (5.3.9)

5.3.2 Numerical modeling

The updating numerical technique of the magnetic field along the simulation is analytically presented
here and it is explained why it is important for the correct spatiotemporal evolution description of
plasma in the current problems.

The induction equation (equation 3.7 in Chapter 3) is used by PLUTO and therefore for the solution
of this magnetic-field-driven problem the time dependent magnetic field boundary conditions are used
to impose the correct current density and energy flow to the system. Thus, a transient time duration is
required for the steady state to be reached after the propagation of a numerical wave back and forth
[1], several times, through the vacuum region where the induction equation relaxes to the Laplace
equation. This characteristic transient time is inversely proportional to the resistivity and results to a
highly increasing timestep for explicit codes such as PLUTO. Moreover, the time dependent magnetic
field boundary conditions [2] become a crucial aspect in complex geometries such as X pinches. To
overcome these limitations in our approach, a new procedure is proposed as we already mentioned in
previous Chapters. A specific experimental time moment is considered as the simulation start-time,
which corresponds to the value of the current density used. At this time, the magnetic field
distribution is derived over the global computational domain using the linear superposition of each
wire’s calculated values, as described in the sub-section 4.1.2/A. The evolution of the magnetic field
preserves the energy conservation by solving the induction equation and at every time step simple
boundary conditions are applied, as described below. Moreover, instead of using a time dependent
magnetic field at the boundary planes, only the magnitude of the magnetic field is updated in the
whole computational domain, at the necessary time steps using the experimentally measured current
(see experimental setup at the 5.1 section and figure 5.1.3) and therefore the energy inflow is imposed
[3,4]. For the calculation of the initial values of the other primitive quantities, the same single
superposition procedure is used (as described in 4.1.2/C subsection). This technique is also tested and
evaluated for its spatiotemporal magnetic field topology evolution at the next section in comparison
with a similar X-pinch simulation using the MHD code GORGON!

At the initialization of the simulation, the density and the thermal pressure have a Gaussian spatial
distribution profile having a width of 1/e?=20 pm, equal to Rmax, at 5ns from the current start when the
full plasma state is reached since the plasma core temperature is set to 1.5eV, according to the
experimentally observed plasma expansion. These profiles follow the Bennet relation, their amplitude
is set to be 2.5gr/cm® for the mass density of tungsten and 1.5*10'°dynes/cm? for the thermal
pressure. An initial low-density background is set to be 10°gr/cm® to model the vacuum. The
distribution of the magnetic field is calculated via the provided experimental current, which has a value
of 4.5kA on each wire. Accordingly, the magnitude of the magnetic field is maximum at Rnax and the
skin depth is 1.4 Ryax for each wire due to the skin effect.

The 3D model is 1/8 symmetric and the X legs are merged to the cross-point at the origin of the axis.
The central axis of the four legs of the X-pinch lie on x=0, yz plane. The positive octant of the three-
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dimensional Cartesian coordinate system is modeled. A model of size 2x1.5x3.2 mm? (xxyxz) preserves
the solution domain, with a spatial discretization of 10x8x8 um®. The boundary conditions of the
model are set on the six boundary planes that define the solution domain. Following the PLUTO code
“terminology”, the y=0, xz and x=0, yz planes of symmetry are set to “eqtsymmetric”, the z=0, xy plane
is set to “reflective”, the x=max, yz and z=max, xy planes are set to “outflow”, while for the y=max, xz
plane “user defined” conditions are considered. The “user defined” boundary conditions are used to
set the spatial derivatives of the primitive quantity values to zero, on the direction of the axis of the
wires. The boundary conditions set for the radiation solver, follow the same assumptions described
above. The detailed presentation of the boundary scheme is in Chapter 4.

The tvdIf solver is used as we mentioned earlier. The Riemann states are defined by a high-order
finite difference weighted essentially non-oscillatory (WENO) reconstruction scheme [5]. Moreover,
with respect to time evolution, a 2"%-order explicit Runge Kutta (RK2) is used to advance the solution to
the next time level. The control strategy to enforce the divergence free constraint is achieved by the
extended generalized Lagrangian multiplier (GLM). The numerical integration of diffusion terms, due to
resistivity, is performed by using a super time stepping technique (STS), to accelerate the standard
explicit treatment of parabolic terms. For the radiation transport system of equations, the built in
successive over relaxation (SOR) method is used [6] (it is the same method of the radiation transport's
module of the previous subsection). All these numerical modules are mentioned and discussed in the
relative section of Chapter 4.

In the vacuum region the temperature is kept constant to a very small value of 580K, in every
timestep, to eliminate the thermal shock waves (constant temperature model).

5.3.3 Results and discussion

Four characteristic images at different times of the plasma density spatiotemporal evolution
accompanied by the corresponding magnetic field lines are illustrated in Figure 5.3.1. The simulation
results are computed at the positive octant of the domain of the X-pinch configuration.
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Figure 5.3.1: Characteristic images of the plasma density spatiotemporal dynamics and of the magnetic
field lines evolution, at four different times from the current start. A section of 0.8x1.5x2.2mm° of the
entire solution domain is presented.

184



A global magnetic field is considered, that is generated from the superposition of the local fields
due to the current flow in each wire, thus the tail and head of the magnetic lines lie on different
boundary planes. Away from the cross-point, the local magnetic field dominates, thus the tail and head
of the magnetic lines lie on the same boundary plane. Close to the cross-point a merging region is
developed, where a global magnetic field is generated by the total current flow. It can be observed
that while time increases, the global magnetic field is extended far away from the cross-point, due to
advection in the plasma ablation region. At 12ns, the cylindrical symmetry of the plasma density
distribution around the wire axis is preserved, while it radially expands. Near the cross-point the
plasma jet formation is initiated, and the global magnetic field governs. At 25ns, the thermal plasma
expansion dominates at the cross-point and the plasma jet is formed along the Z-axis. Ablation
generates coronal plasma streams which contribute for the plasma jet frontal evolution, a
phenomenon known as the “zippering effect” [7]. Jets are continuously confined on the y=0, xz mid-
plane by the kinetic pressure of the ablated plasma flow. A new azimuthal global magnetic field is
generated on the plasma jet. At 36ns, the magnetic compression of the plasma governs and hence
neck formation occurs in the wire crossing region. The head of the jet becomes clearly visible above
the confining region since it is accelerated to higher velocities in relation to the effective velocity of the
confining region along the z-axis. Furthermore, at 47ns when plasma electrodes formation is apparent
at the top and bottom of the neck, the maximum value of mass density in the neck region is reduced
by two orders of magnitude, in relation to the moment that pinching occurs. This is mainly attributed
to ablation rather than radiative explosion which is responsible for the neck breaking. Radiative
explosion leads to the generation of electron and ion beams which are not included in our model [8].

For the reasons explained in experimental section 5.1, in laser optical probing diagnostics
experiments an opaque region is formed on shadowgraphy and interferometry images. In our
experimental setup, only light rays having refraction angles less than 40 mrads which is the acceptable
angle of the optical system, contribute to the formation of the image. It is a fact that the ion density in
plasmas of high nuclear charge material depends slightly on the electron temperature, while the
absorption seems to be the most efficient in the very dense core [9]. Thus, the contribution of
absorption in the generation of the opaque region is restricted in the dense plasma core, while the
opaque region-plasma border, is generated due to refraction. In other words, only the refracted rays
that escape from the underdense plasma create the highlighted boarders of the opaque region due to
the relatively large acceptable angle. Additionally, the relative short characteristic plasma size, of
several tens of microns observed, allow only to an insignificant deviation of the light rays to pass
through plasma. These assumptions enable the correlation of the mass areal density with the
experimental opaque region that is considered to have the size of the plasma extended normal to the
ray’s axis, thus providing an estimation of the coronal plasma cut-off density [10].

Figure 5.3.2 presents the simulated areal mass density contour map in relation to the optical
probing experimentally recorded images at various times. The comparison of the images allows for the
determination of the cut-off density boarder evolution of the dense opaque region. Thus, a qualitative
and quantitative comparison between experiments and simulations can be performed. An yz plane
section of 1.5x1.75mm? size presents the front view of the simulation and the experimental results at
the left column of the figure, while a xz plane of the same size shows the side view at the right column

185



of the figure. The areal mass density (gr/cm?) presented is determined from the volumetric mass
density, obtained by the simulation in the cubic cells of the discretized solution domain, by integrating
the simulated values over the x-axis to the front view. To highlight the jet opaque area, during the jet
formation, a selective integration is performed along the y-axis for 240um towards the origin for the
side view.

In the front view, for the legs of the X-pinch the lower limits of the experimental dense opaque
region are approximately from ~10° to ~3.16*10™ gr/cm” in relation to the simulation results. The
simulation results present a near uniform coronal plasma expansion, such us uniform plasma stream
since no initial random perturbation is considered [11]. A close observation of the simulation results
identifies a non-smooth plasma expansion, in the form of plasma disturbances, i.e. at 41ns, which are
attributed to the numerical approximation and the discretization of the model. Ablation flares are
observed on the experimental images, close to the cross-point after the 33ns and indicate the low
growth rate of the instabilities. The limitations of the imaging diagnostics do not allow for further
conclusions away from the cross-point in relation to the shape of the plasma front, at initial times.
Additionally, the opaque areas on the experimentally retrieved images do not allow for further
conclusions concerning the plasma dynamics inside the opaque area. It should be noticed here that a
good agreement is achieved between experiments and simulations for the formation of the jet
dynamics, since the mass transfer is very well predicted. Regarding the cross-point, a sharp density
gradient is apparent, defining a similar width for the simulation and the experimental results. In the
side view, the expansion of the opaque region corresponds to areal densities in the range between
3.16"10° and 3.16*10°gr/cm? thus defining the simulated boarder of the opaque area. These
computations are valid and secure in the area extending up to 0.9 mm on the z-axis, since above this
length, the plasma expands out of the simulation domain. This is clearly demonstrated in the front
view image at 41 ns. Regarding the cross-point, a sharp density gradient follows a similar to the front
view behavior, indicating strong compression. The maximum radial expansion observed indicates the
jet formation as show by the simulation results. The results are in agreement with similar
investigations of other relevant studies [12,13].
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Figure 5.3.2: Simulation vs Experimental results of the front (left column) and side (right column) views
of the areal mass density evolution. The dashed lines indicate the opaque region boarders.

The spatiotemporal evolution of the plasma areal mass density and the opaque area dynamics
described above, are further analyzed by the introduction of five characteristic plasma lengths. Figure
3 demonstrates the experimental and the simulation results of the evolution of L;, Dsy, Dso, Ds, Ls
lengths, that are defined on the X-pinch layout presented as inset in figure 5.3.3. The cut off density
contour line (boarder) where the opaque area begins is 210”°gr/cm?. The front view presents the
length Ls of the jet and the width Dso of the cross-point area. The side view presents the width Do of
the cross-point area. Ds and Lg are the maximum jet width and its maximum distance from the cross-
point respectively.

The average expansion velocity of the jet is approximated by linear fitting on the experimental data
for Ls is 39km/s. The simulation results show exactly the same expansion velocity. This is an effective
velocity, due to the contribution of the coronal plasma ablation in the jet bulk density, that compared
to the simulated sound speed at the jet tip results to a Mach number equal to 4, that is consistent to
relative works [14,15].

In the frame of time, the cross-point area width (demonstrated by the Ds parameter) expands due
to the thermal pressure for about 20 ns. The compression phase is initiated when the magnetic
pressure becomes higher than the thermal pressure. This phase lasts until the 40™ns when pinching
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occurs. In the time period between 40™ and 45" ns the simulated Dso increases in contrast to the
experimental data. This discrepancy is justified by the fact that the radiative explosion effect which
takes place in this time period of the plasma dynamics is not considered in the simulation. However,
the compression velocity (~¥11.5km/s) is very well predicted in agreement with the experimental data
of this study and also of other studies [14].

Regarding the plasma jets formation shape, as simulations predict in agreement with the
experiments the plasma jets almost lie on the normal plane to the one defined by the two wire straight
lines (y=0, xz plane) and as a result their shape is almost flat. This is demonstrated by the Ds parameter
values as shown in figure 5.3.3. The “flat” shape of the plasma jets is explained due to the faster
expansion of the plasma on the y=0, xz plane, under the force of the kinetic pressure by the converging
of the jets’ plasma streams. The effective velocity of the plasma jets on the x axis demonstrated by the
linear fitting of the experimental and simulation data of the parameter Ds is 9 km/s and 10km/s as
predicted by the experimental and the simulation data, respectively. This velocity corresponds to the
~25% of the effective jets’ average velocity on the z axis. The cross-point spatiotemporal dynamics
demonstrated by the plasma parameters Dsy and Dgg is dominated by the same behavior of these two
parameters until the 35"ns slightly before the pinching time. Afterwards, effective expansion occurs
due to the plasma ablation of the legs that causes the shading of the neck region at the cross-point, as
can be observed in the front view of figure 2 at 41ns. The compression velocity is very well predicted
by the simulation since it agrees with the compression velocity of Ds and Ds. The uniform
compression dynamics predicted by the equal velocities of D and Dy is explained from the azimuthal
nature of the global magnetic field around the neck area. The distance Ls corresponds to the height of
the region (from the wire cross-point) where the global magnetic field dominates. Ls increases with
time having an effective velocity of ~“9km/s as predicted by the experiments and ~11km/s as predicted
by the simulations.
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Figure 5.3.3: Spatiotemporal evolution of five geometrical plasma lengths which support the
demonstration of the spatiotemporal plasma dynamics. Lg: Plasma jet length in front view, Dg: Plasma
front width at cross-point, Dsg: Plasma side width at cross-point, Ds: Maximum jet width and Ls:
Distance of Ds from the cross-point.

Figure 5.3.4 shows a time sequence of simulation versus experimentally measured interferometry
results for the areal electron density on the yz (front view) plane. The evolution of the ionization
characteristics of plasma are demonstrated and validated in accordance with the spatiotemporal
dynamics of mass density presented in the previous analysis. The simulated areal electron density is
obtained at the corresponding plane by integrating the volumetric electron density along the x-axis. A
multiplication by 2 delivers the total electron density considering the negative x-axis octant. The
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experimentally captured interferograms are processed with the help of the IDEA software package (as
described at the 5.1 section) [16].

As presented in figure 5.3.4, at 15ns from the current start, the simulated electron density deviates
from the corresponding experimentally measured, especially along the jet z axis. The difference is
attributed to the merging phase at the cross-point, which is not simulated, where the two wires merge
to a common volume. The images at 29 and 38ns show a good agreement between the experimental
and simulation results. The coronal plasma expansion is found using the 6*10*°cm™ density contour as
a reference which is three times higher than the minimum experimentally detectable density. At 29ns
the maximum radial plasma expansion is 0.48 mm for the simulation and 0.35mm for the experiment
while at 38 ns the maximum radial expansion is 0.62mm for the simulation and 0.50mm for the
experiment. These lengths are represented by the white arrows on Figure 4 which indicate the length
from the wire axis to the 610'°cm™ density contour which is taken as reference. The average
expansion velocity is calculated to be 16km/sec for the simulation and 17km/sec for the experiment.
These velocities correspond to a density ionization front with a constant value, that exhibit simulation
and experimental velocities of ~43% of the jet effective average velocity. This observation indicates
that plasma with lower electron density is there apparent, which expands faster and contributes to the
jet formation. Moreover, the areal electron density of the jet region is accurately computed for these
two temporal moments.
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Figure 5.3.4: Simulation vs Experimental results of the areal electron density on yz plane (front view).
The white arrows indicate the simulation and experimental expansion lengths from the axis of the wire
to the 6 x 10™ cm™ density contour which is taken as reference.
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The jet formation dynamics is further analyzed and discussed here. As figure 5.3.1 shows, the actual jet
is formed when the jet-tip expansion exceeds the merging point [11]. The analysis of the jet evolution
is performed and presented in figure 5.3.5a. The instantaneous axial velocity Vz of the plasma fluid is
calculated along the z-axis at specific temporal moments. In addition, in figure 5.3.5b the force
produced by the thermal pressure gradient gradP, which acts on the opposite direction, is presented as
the projection of the -gradP force on the xz, y=0 plane at 36ns. The temperature grayscale map is in
the range between 0.05eV and 50eV. The vectors of the -gradP force are colored according to their
magnitude. In figure 5.3.5a, the maximum fluid velocities are calculated to be 27km/s and 34km/s, at
7ns and 12ns, respectively. These velocity values are 30% and 13% lower than the effective jet velocity,
which was previously calculated to be 39km/s, in the analysis of Ls. At 12ns, the effective velocity is not
the actual jet convection velocity, because it is prevented by the “zippering” effect as discussed
previously. Therefore, there is mass transfer towards the z-axis due to ongoing coronal plasma ablation
from the wires legs. After 20ns the maximum value of the velocity approaches the effective jet velocity
and the actual jet has been formed, as observed in figure 5.3.1 at 25ns. The maximum velocity remains
constant until 49ns, as the orange and yellow curves show. In figure 5.3.5b, it is observed that the
plasma temperature at the core of the wire, and far from the cross-point, remains cold at a
temperature of ~1.5eV. The temperature is linearly increased to reach a value of ~14eV along the
transverse to the wire axis direction. This temperature remains constant until the plasma stream front.
At this area, the thermal pressure force is acting on the corona-core plasma interface on both sides of
the wire compressing it, as cyan arrows indicate. Far from this interface, the blue arrows denote the
contribution of the pressure force to the plasma ablation. The temperature at the cross-point is ~ 8eV
and along the jet axis increases linearly up to ~ 20eV and is decreased again to ~ 5eV at the tip of the
jet. The maximum temperature of ~ 50eV is observed at the region of the neck. The existence of a
region of strong acceleration is responsible for the axial velocities observed and is attributed to the
thermal pressure force, along the z-axis for ~ 400um.
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Figure 5.3.5: (a) Graph of four evolution curves of the axial fluid jet velocity Vz, along the z-axis at 12,
20,36 and 49ns. (b) The temperature grayscale map (0.05 - 50 eV) and the vectors of the thermal
pressure force (-gradP) are colored according to their magnitude (1.0x10™-1.0x10" dyn/cm’).

The mechanisms of mass transfer as well as the origin of mass which is transferred in order to form
the axial plasma jet is a scientific topic of great interest. Two mass origins are considered by most of
the studies. These suggest that the jet is formed by a) the coronal plasma ablated from the X legs and
b) the plasma which is ejected from the cross-point pinching area [11,17-20]. Our study demonstrates
that both mechanisms contribute to the jet formation. Figure 5.3.6 presents characteristic mass
density contour plots at 36 ns over four characteristic plane views: the yz, x=0, plane (front view, figure
5.3.6a), the xz plane, y=0 (side view, figure 5.3.6b) and the xy plane top views, at z=400um (figure
5.3.6¢) and at z=800 um (figure 5.3.6d). The JxB force and the momentum density pu are shown in a
vector form. The momentum and the JxB force have a common origin located at the tail of the arrows.
The influence of the JxB force is discussed, considering the local and global magnetic field dynamics
[11,19,21]. The JxB force units are in Gauss® and the scaling factor used is cAl/4m, where c is the speed
of light (in CGS) and Al=0.001cm is the unit length used in the simulation.

In figure 5.3.6a (see also figure 5.3.1), the direction of the momentum vectors represents the
perpendicular to the wire axis mass flow (due to the plasma ablation), having magnitude values < 2500
gr/cm?s. The highest momentum values are observed along the z-axis reaching the maximum value at
the tip of the jet (~5*10%gr/cm?s). This is because of the vertical momentum conservation. The
contribution of the axial momentum from the ablated flow and the strong axial pressure gradient
(presented in figure 5.3.5) results to the jet acceleration. These findings are in agreement with other
studies for the jet formation in X-pinch plasmas [15,19,20]. In addition, the JxB force also contributes
to the transverse to the wire axis mass transfer ranging between 10® and 10°Gauss®. This behavior
changes near the plasma stream front, where the force direction is reversed since the local magnetic
field changes to the opposite direction, as demonstrated in figure 5.3.1.

In figure 5.3.6b, the momentum vectors are directed towards the z-axis and indicate the plasma
compression and its expansion on the direction of the jet. At this time instant, the JxB force
contributes to the plasma compression reaching a maximum value of ~ 10°Gauss?® at the cross-point.
On this cross-section an “egg-like” shape is observed in the jet geometry as also shown in figure 5.3.1.
This shape is initiated by the influence of both the local and global magnetic fields topology. Figures
5.3.6¢c and 5.3.6d denote a similar behavior of the direction of the momentum on the xy, z=400 um
and z=800 um planes. As time progresses, the mass flow which emerges from lower z levels, forms the
shape of the plasma. The angles formed between the JxB and the momentum show that the JxB force
tends to change the flow direction, almost normal to the velocity. Along the y-axis the JxB force
contributes to the plasma compression on the x-axis.
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Figure 5.3.6: Characteristic plasma volume mass density contour plots 36 ns after the starting point of
current flow. The JxB force and momentum pu are represented in a vector form. The grayscale arrows
represent the momentum and are longer than the JxB force arrows, which are colored by the blue-
white colormap. (a) Front view, (b) side view, (c) and (d) top views at z=400 and 800 um, respectively.
The density colormap (1.0 x 10 - 1.0 gr/cm?), the magnitude colormap of the momentum (1.0 x 10° -
5.0 x 10 gr/cm?s) and the JxB force (1.0 x 10” - 1.0 x 10° Gauss?) apply to all views.

5.3.4 Conclusions

The capabilities of the MHD code PLUTO are tested via the experimental comparison for the
investigation of laboratory magnetically compressed plasmas driven by pulsed power generators. The
developed numerical modules of the code were analyzed and discussed in relation to the physics they
represent. The 3D MHD simulations are performed to provide a detailed description of the associated
X-pinch experiments which were carried out using Tungsten wires of 5 um diameter.

The new method was developed and applied to overcome the magnetic field boundary conditions
aspect without affecting the efficiency of the code. The energy inflow was imposed by the update of
the magnetic field values, in accordance with the experimental current, over the total computational
domain simultaneously. This updated field was used for the integration of the conservation laws
system.
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The 3D simulation results of the X-pinch model were compared to the corresponding experimental
results. The plasma evolution at the initial times of the experiment was accurately predicted. The jet
formation and its spatiotemporal dynamics were clearly described, while the physics involved including
the neck, the plasma electrodes formation as well as the “zippering” effect were identified, in respect
to the concept of the global and local magnetic fields. Furthermore, the mass density and the plasma
ionization front dynamics were investigated, and the plasma geometrical characteristics were
determined. The results were found to be in agreement with the experiments as well as with similar
research works in the literature. Moreover, the actual plasma jet velocity was computed from the
simulations and compared to the experimental findings, thus the effective jet velocity was determined.
The influence of the thermal pressure gradient on the jet formation was also studied in relation to the
strong acceleration of the jet. Finally, the “egg”-like profile of the jet was explained and associated to
the JxB force and the momentum of the ablated mass from the X pinch legs.

Our studies substantially contribute to the understanding of the interplay mechanisms associated to
the generation of the supersonic plasma jet formation, enlightening the critical role of the JxB force
and of the momentum transfer dynamics. The code development is enriching the laboratory
magnetically compressed plasma studies.
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5.4 High performance simulations of a single X-pinch using two sophisticated
numerical approximations for the preparation of experiments on the generation and
growth of laboratory plasma jets

Plasma production from pulsed power plasma devices loaded as Z-pinch and X-pinch is essential for
plasma physics studies and for a variety of plasma applications. The investigation of laboratory plasmas
demands the development of advanced computational models and numerical methods, able to
describe and even substitute the real experiments. Many numerical approaches have been developed
to describe the complex behavior of plasmas.

Especially the GORGON Eulerian code is ideal for MHD plasma applications such as laser-produced
magnetized jets [1-3], Z and X-pinch wire configurations [4-6], Z-pinch wire arrays [7-12], conical
arrays, radial wire arrays and foils that create magnetically driven outflows which are studied in
laboratory astrophysics experiments mainly for Young Stellar Objects (YSO) and Herbig-Haro (HH) jets
[13-17,2,3]. The PLUTO also [18,19-22] was recently used [23] to simulate the plasma expansion in two
wire tungsten load X-pinch experiments. The distance between anode-cathode was 15 mm and the X-
pinch wires were set to an angle of 100°. The code successfully described the “zippering” effect, the
pinch generation and the jet initiation, formation, and evolution as we describe at the previous section
while the simulation results are validated by experimental results.

In this section, these two codes validated for X-pinch plasma generated studies, are used to
simulate a sharp two-wire tungsten load X-pinch geometry. The study is carried out as the first step for
an experimental campaign aiming to the detailed understanding of the phenomena related to the
development of plasma jets using tabletop pulsed power X-pinch devices. The generation of the jets in
such plasma devices is affected by the development of MHD/MRT instabilities. The detailed
understanding of the seed and growth of these instabilities studied in relation to the associated
physics parameters can lead to a more efficient plasma jet formation suitable for laboratory
astrophysics as well as for plasma particle acceleration studies. The parameters used in this simulation
study are based on the characteristics of the pulsed power X-pinch plasma generator located at the
(IPPL) of the HMU research Centre as presented at the 5.1 section.

The distance between anode-cathode is 15 mm and the wires are set to a sharp angle of 50°. Their
configuration consists of two regions, namely, the tungsten (load) and the low-density background
(vacuum). Two high resolution spatiotemporal MHD models are developed to describe the structural
evolution of the plasma density and its influence on the magnetic field topology. The physics and
numerical modeling differences of GORGON and PLUTO and their influence on the simulation results
are demonstrated and analyzed. The computational data, resulting from both codes, provide valuable
information on the improvement of accurate and efficient X-pinch models and offer crucial insights on
the mechanisms of plasma evolution and jet formation.

5.4.1 Physical modeling in GORGON and PLUTO

In order to have a complete estimation of the physical modeling, we give a side-by-side presentation of
the physical and computational schemes of the two codes. GORGON and PLUTO are single fluid 3D
Eulerian MHD codes that both solve a system of conservation laws of the form:
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2—? +V-T(U) = S(U) (5.4.1)

where U represents a set of conservative quantities, T(U) is the flux tensor and S(U) defines the source
terms [17,19] (equations 3.1-3.13 in the third Chapter/PART ). This set concerns the conservation of
mass, momentum and energy equations that are analytically presented in literature research works
[17,19,23]. Furthermore, the GORGON code treats the ion and electron components separately
allowing them to be out of thermodynamic equilibrium with respect to each other, while their internal
energy equations are solved independently. The energy exchange rates Ag=-Ai. between ions and
electrons couple the two energy equations [17]. The PLUTO code has a single fluid component, and it is
assumed that a thermodynamic equilibrium is always achieved, thus T.=T;=T. GORGON and PLUTO are
built on the Sl and the Gaussian metric system, respectively.

The temperature profile in PLUTO is the common variable profile correlating the mass density p, the
thermal pressure p = p(p,T), and the internal energy density e=pe=pe(p,T) through tabulated data of
the modified SESAME EOS [24] for tungsten and the original SESAME library for dry air [25]. Thus the
"vacuum" area (low density background [23]) is modeled by a very thin plasma air component of initial
value 10°® gr/cm?. Therefore, the computational domain is initially separated in three different regions
of pure tungsten plasma, air plasma and the intermediate transition zone. The density threshold value
(pvac=Piim/10) is used to implement the lower pyac and upper value p;m of the transition zone [23]
(detailed presentation at the third Chapter/PART I). The GORGON code on the other hand uses similar
EOS for the two plasma components (ions and electrons) by adopting the ideal approximation for the
ions and by adding the ionization potential to the electrons according to:

Pe

& = and €e = + Q(Zeff)

y—1 y—1 (5.4.2)

where g and €. are the ion and electron internal energy densities, respectively. Q(<Z>) is the
ionization potential energy for tungsten plasma [26] which depends on the average ionization charge
<Z> that is calculated from an average-ion Thomas-Fermi model and the adiabatic index is y=5/3. A
similar process for the definition of three zones is also adopted by GORGON. This process defines the
pure vacuum region, the main tungsten plasma region and a dynamically evolving intermediate zone of
one cell, which is used to separate the other two regions and envelop the outer plasma.

In GORGON, the Hydro-Dynamic (HD) solver is deactivated at the vacuum region, where the
Maxwell equations are solved. The evolution of the magnetic field follows the magnetic potential A
and the magnetic induction is calculated through the B=VxA equation ensuring the divB=0 constraint is
preserved [17]. By the same means, and without loss of the generality of the numerical approximation,
the Riemann solver of PLUTO is deactivated in the vacuum region [27]. The magnetic induction B is
computed from the Ampere's law including the skin effect in the calculation of the current density
J=J(r) and its spatiotemporal update and evolution is discussed in detail in [23]. The density values that
define the three zones for both codes are set to be the same in this work.
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The ionization level in GORGON is defined by the help of the Thomas-Fermi model [28], that is
determined by a function of mass density and plasma temperature expression fitted to the numerical
solution of:

y
Lot =Z
eff l+y+Jit2y (5.4.3)

For the tungsten loads used here, it holds that Z = 74 and further details for the function y may be
found in [28] (also detailed presentation in 3.3.1.2 at the third Chapter and in figure 3.6). The mean
ionization charge state in PLUTO is a function of electron density and temperature and is determined
by tabulated data of the FLYCHK code [23,29,30] (figure 3.3 in the third Chapter).

Both codes include the dissipative term of Ohmic heating where the resistivity n is measured in
seconds in PLUTO and Q'm in GORGON. The resistivity in GORGON has an anomalous component and
is Braginskii like [17,31-33]:

me ( 3.1x. +1.89 )

__Me  (1_ (5.4.4)
Neez (Te)total Xe2 + 6-2Xe +2.8

where me is the electron mass, N is the electron density and X is a dimensionless factor. The total

collision time is:
1

1 3k T, (K)\*
a + 3QenNn (]in—e)

(Tetotal =

e

(5.4.5)
with
Qen=>5 X 10719m?

where Qg is the electron-neutral cross-section, 1. the collision time, N, the neutral density and kg the
Boltzmann’s constant. The (Te)iwtal, is the total collision time, which is calculated through the t. collision
time and a second term that includes the contribution of the neutrals density N,. This population is
calculated as the subtraction of the ion density from the heavy particles’ density Ny, where the
threshold value of Z.fr, that defines the neutrals from the ions, is user defined [31]. The dimensionless
factor xe [equals (Te)total Wee, With wee the electron cyclotron frequency], is a standard parameter for the
Braginskii magnetized formulas [34]. This resistivity formula prevents large discontinuities in transport
coefficients at the vacuum/plasma boundary [33] while the resistivity value increases significantly for
large magnetic field values and for the dilute plasma regions (2D and 3D relevant graphs in figures
3.20-3.22 at the 3.4.1.4). An analytic presentation of a similar approach is presented and discussed at
the third Chapter PART Il at the 3.4.1.3 subsection, with two differences. The first one is the use of an
approximation of the non-ideal Saha-equation for the determination of the neutrals and the second is
the effective quantum Coulomb logarithm as calculated from the Born approximation and Debye
potential instead of the classical form of the Coulomb logarithm that GORGON uses, which is:

InA = 29.9 — In(Zegs - Te™ N, %*) where Noin m~2 and T, in eV (5.4.6)
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with a cut-off value of 2. A similar approximation is adopted by PLUTO that considers the linear
mixture formula [35]:

Niotal = Nej + Nen (5.4.7)

where ne, is the electron-neutral resistivity and ne is the electron-ion resistivity. The analytic
presentation is at the 3.4.1.3 in the third Chapter. The difference in this approach lies to the estimation
of the neutral population density N, in the second term. It holds:

Ng = N; + N, where N, = Ny — Nytanh (Zgg) (5.4.8)

Ny is the total heavy particles population, with Ny = Ne/Zett = p/mion, Ni and Ne are the ion and
electron densities respectively, p is the mass density and mijon is the ion mass. The hyperbolic function
is used to provide a smooth transition near Z¢s = 1. Zegr is calculated and correlated to the N. and
temperature T according to the FLYCHK code data [23,29,30].

As we already presented at the third Chapter the thermal conduction in PLUTO is contributing to
the energy equation by the introduction of the additional divergence flux term:

OE, 1
E+V-[(Et+P+EBZ)u+(u-B)B]=V-FC (5.4.9)

The resistivity and viscosity dissipative terms are ignored at the right-hand side of equation 8. E; is the
total energy density provided by: E=1/2pu’+pe+B?/2, where B=Bcgs/\4T is the magnetic field [23].
The flux F.is defined by:

F.=F ( Fsat ) (5.4.10)
- 1 e A
¢ class l:‘sat-l_chlassl
where
B(B - VT) B(B- VT) B

Flass = K —gz  t ki (VT — —5z |t kx(E xVT) (5.4.11)

and
Fsat = 5¢pcs® (5.4.12)

Foass and Fsat are the classic and saturated thermal conduction regimes, where c; is the isothermal
sound speed, and ¢ a number of the order of unity (0< ¢<1) [27,36,37]. The standard expression in the
code includes the k|| and ki terms that are the thermal conduction coefficients along and across the
magnetic field. The ks« is the component coefficient of the thermal conduction flux, transverse to the
plane of B and VT, which is added to the source files of the code to approximate better the metal
plasma temperature and the energy exchange spatiotemporal profile. The classical Braginskii
components are used for the aforementioned three coefficients using a linear sum of the electron and
ion component for the parallel and normal coefficients and the subtraction of the two for the
transverse one according to the MHD equations form [34,38,39] (equations 3.74-3.82 in 3.4.2.3
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subsection of the third Chapter). The k« electron and ion components are presented in 5.4.13 and
5.4.14 respectively:

NoKg*Tet Y1 Xe* + Yo"
k= ——2 €.y, 0y (5.4.13)
me Ae

. N;Kg®Tyt; 2.5x;% + 4.65
_ B it 20K ) (5.4.14)

1
x my A
where the values of y1"and yo'' are correlated to Z.tr and have a mean value at the simulations [34]. All
the other constants in the two equations are presented in the 3.4.2.3 subsection. On the other hand,
the GORGON code uses independently the ion and electron heat flux terms q=-kVT at the
corresponding MHD equations, where the same with PLUTO parallel and normal expressions for the
thermal conduction coefficients are used [17]. The transverse term is neglected in GORGON.
The radiation losses are implemented in PLUTO through an optically thin and an optically thin/thick
radiation transport scheme [23,40] (presented analytically at the third Chapter PART I). Optically thin
radiation losses are implemented in GORGON by using the free-bound contribution term:

dpe E,Zt

— =-1.69-10738 < Z >2 N,N;——————(SI 5.4.15

ot

here E..”" is the ionization energy of the recombined state in eV [39]. The absence of the free-free
term is important only at very high temperatures and when the ions are fully ionized. The absence
mainly of the bound-bound term is taken into consideration using a correction factor [17,41]
(analytically presented and evaluated at the 3.3.1.2 subsection and demonstrated in figure 3.6).

5.4.2 Numerical modeling in GORGON and PLUTO

The numerical models are developed, aiming to describe with the maximum accuracy the physical
models discussed in subsection 5.4.1, in GORGON and PLUTO. The X-pinch plasma device implemented
for the experiments and used as a reference here is presented in the first section of this Chapter. This
machine is a table-top pulsed powered plasma generator, implemented in a downscaled mode of
producing a peak current of ~46 kA with a rise time (10% - 90%) of 50 ns. The machine is loaded with
two thin tungsten wires of 5 um initial diameter, that form an X-pinch load. The distance between
anode-cathode is 15 mm and the X-pinch wires are set to a sharp angle of 50°. Figure 5.4.1 presents
the computational domains of both MHD codes and their discretization, the geometrical characteristics
of the wire loads and the initial density distributions of the numerical models. The complete X
geometry of the load is modeled in GORGON. Thus, a spatial domain of size 12x12x6 mm (XxYxZ) is
developed. A uniform discretization of 10 um is generated and the boundary conditions are set to
“free flow” [17]. The advantage of the 1/8 symmetry is taken in the model developed in PLUTO. The
positive octant of the three-dimensional Cartesian coordinate system in a spatial domain with size 1.4x
1.4x4mm (x-y-z) is used. The computational domain is discretized uniformly again by the same cubic
cells. The boundary conditions on the xy plane are "reflective" and "egtsymmetric" on the xz and yz
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planes. For the x=1.4mm and z=4mm planes "outflow" boundary conditions are applied. Finally, the
“user defined” boundary conditions are used to set the spatial derivatives of the primitive quantity
values to zero, along the direction of the axis of the wires, on the y=1.4 mm plane [23,27].

tz

| rho (gr/cm’) |
A B 57-52% 10"
- 32.10x10°
£ 1792x10° |

1.00x10° " ! |

J'6 8 10 12 X

Figure 5.4.1: The computational domains of GORGON (XYZ) and PLUTO (xyz). The magnified section of
the X leg presents the 100 x 100 um cross section of the mass density distribution at the simulation
start. A magnified by 200 times detail of the models common grid, is demonstrated.

The simulation initiates at 5 ns from the current start for both models. The density and the thermal
pressure have a Gaussian spatial distribution profile with a width of 1/e* = 20 um, equal to the
maximum plasma radius Rmax. The amplitude of the mass density tungsten profile is 5.75 gr/cm® and a
full plasma state is considered. The plasma wire temperature has a varying radius profile, starting form
a cold core of 0.2 eV that increases to 4.5 eV at the outer wire radius, according to the experimental
analysis presented in the previous section [23]. The initial low-density background is 10® gr/cm®. In
GORGON, an approximation of the experimental current is imposed by properly setting the magnetic
field on the boundaries [17]. In PLUTO the distribution of the magnetic field is calculated via the
provided experimental current of 4.5 kA on each wire. The magnitude of the magnetic field is
maximum at Rpyax While the skin depth is 1.0 Ryhax for each wire [23].

The standard finite volume version of the PLUTO code is used. A Total Variation Diminishing (TVD)
Riemann solver is set for the computation flux, that is based on a Lax-Friedrichs scheme (TVDLF) [19].
GORGON uses a second order Van-Leer advection numerical scheme. In the vacuum region the
temperature is constant (300 K) for both codes.

202



5.4.3 Results

5.4.3.1 Computational results of the GORGON and PLUTO models

Our simulations were performed on the THIN node island of the HPC facility of GRNET ARIS
(facilities/reference presented at the Introduction Chapter in figure 1.1) that consists of 426
computational nodes with a theoretical peak performance of 190.85 TFlops and a sustained
performance of 179.73 TFlops on the Linpack benchmark. Each node is equipped with 2 lvy Bridge -
Intel” Xeon® E5-2680 v2 processors with 64 GB memory. Each processor has 20 cores making up a total
of 8520 cores. After scaling and convergence test runs the numerical models presented reserved 1960
and 300 cores for 15 and 26 hours that for the simulation time of 60ns resulted to 29.4 x103, 7.8 x 10°
core-hours for the GORGON and the PLUTO codes, respectively.

Figure 5.4.2 shows the simulation results of the plasma density distributions on the XZ, Y=6 plane
(see figure 5.4.1). The computational results provided by the GORGON code are presented for 4<X<8
and the simulation results of PLUTO code are plotted over them. For the convenience of the reader,
the symmetric results obtained by PLUTO are mirrored on the central symmetry dashed-dot line, in the
dashed window of size 2.8x3 mm. The plasma density distribution is presented at six sequential
characteristic times (10,20,30,40,50 and 60ns), to provide representative insights on the plasma
evolution from the current start, until the late times of the pinching effect and the plasma electrode
gap formation [23,32,42,43-47].
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Figure 5.4.2. Plasma density spatiotemporal dynamics representative results, on the XZ, Y=6 plane, at
10,20,30,40,50 and 60ns respectively. The symmetric results obtained by PLUTO are plotted and
mirrored on the central symmetry dashed-dot line (see 2a), within the dashed window of size 2.8x3
mm, over the computational results provided by the GORGON code (4<X<8). The magnetic field is
presented for both codes at 20 and 40ns in (2g) and (2h), respectively.

According to the results of both codes, at 10ns the formation of the jet is initiated, and the mass
transfer is mainly attributed to the continuous coronal plasma ablation from the wires’ legs [31,32,49].
At 20ns, the jet tip is clearly visible and expands vertically, while the radial expanding corona plasma is
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sweeping and converging to the central Z axis. The magnitude of the magnetic field, shown in figure 2g,
has a similar morphology and topological distribution at both approximations, preserving low values
along the wires’ core and lower values along the jet axis, as expected [32]. At 30ns, two tightly
compressing regions with an isolated island of plasma at the center are formed, due to the action of
the Lorentz force on the smaller mass areas of the neck, at a distance of 200um from the cross point.
The formation of the density island is highlighted in figure 2d and is further observed at the temporal
times that follow [42,32,43,46,47]. At 40ns, the expansion of the density island is computed by
GORGON to have a width of 600um and a height of 150um while the PLUTO simulation results
demonstrate a width of 400um and a height of 200um. Flaring structures are developed by GORGON
while a uniform plasma expansion is simulated by PLUTO. Later on, at 50ns and 60ns, PLUTO
simulation results demonstrate magneto-Rayleigh—Taylor (MRT) instability that appears at the outer
plasma—vacuum interface, where the driving magnetic pressure plays a role analogous to a light fluid
pushing on a heavy fluid (the coronal plasma) [48,49]. In our case, a magnetic field, having a peak value
greater than ~5.0x10°Gauss triggers and reinforces the initial spatial modulation of the MRT, that is
shaped by the finite size of the cells grid (presented in the inset details of figure 5.4.1) [4,6,23,32]. At
50 ns two micro-Z pinches are formed and at 60 ns the expansion of the density island, results to a
width of 1000pum and a height of 200pum and to a width of 680um and a height of 400um for GORGON
and PLUTO, respectively. The half plasma electrode gap is computed to be approximately ~300 um for
both models. The PLUTO code at 50ns forms a denser central spot that is displaced at z=3.15mm at 60
ns and can possibly evolve to a hot-spot formation. The GORGON code at 50ns forms a dense plasma
neck which breaks on the hot-spot formation position at 60ns, due to the intense pinching effect
[32,43,46,47]. However, our study does not focus on the evolution of the hot spot, since the
generation of x-rays, electron, and ion beams [32,41,46] are neglected in the simulations of this study.

A threshold value of ~10gr/cm?® (cyan legend color) is adopted for measuring the jet's length, that
reaches the values of 0.4mm and 0.45mm at 10ns, and 1.85mm and 1.8 mm at 60 ns for GORGON and
PLUTO, respectively. According to these values, a mean jet tip velocity of ~29km/s and ~27km/s is
computed correspondingly. As expected, this velocity is ~27% lower than the velocity computed for an
X-pinch angle of 100° case (~¥39km/s) in [23] (also presented at the previous section). The jet’s length
and width are almost identical for both simulations, but we observe a denser jet formation in the
GORGON model results, where more mass is transferred to the jet axis due to the higher mass ablation
rate of the wires legs. Figures 2g and 2h show the magnetic field at 20ns and 40ns. Even if the
magnetic field has a different initial spatial implementation and its spatiotemporal evolution is
approximated by different MHD numerical schemes [17,23,44], the agreement of the results presented
is very satisfactory. The topology of the magnetic field demonstrates the convection and diffusion
terms of the induction equation along with the ablated mass and follows the rules of the global and
local magnetic field described in [23]. This enhances the observed agreement in the jet’s evolution and
morphology for both codes and additionally explains the computed higher density values along the jet
axis and the narrower neck by GORGON [19,21,27
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5.4.3.2 Numerical enhancements of the X-pinch model in PLUTO

The MHD model developed in PLUTO is further studied in relation to the physics and numerical
parameters that affect its behavior and influence the resulting plasma dynamics. To evaluate the
influence of these parameters on the spatiotemporal plasma evolution, five new models are
developed, and their simulation results are used for their characterization. This computational analysis
aims to provide valuable insights regarding the influence of the electrical resistivity, thermal
conductivity, and radiation, on the performance of the X-pinch MHD simulations, on the dynamics of
the evolving plasma features. Table 5.4.1 demonstrates the parameters and the coefficients adopted in
the five new models in relation to the reference model Mod.ref, presented in the previous
subsections. The Riemann solver is deactivated at the vacuum area of the simulations and thus the
tungsten plasma interaction with vacuum is the same for each model.

: Thermal - Optically | Vacuum Random

Electrical . Radiation . - .

Model - Conduction Thin Resistivity | Density
Resistivity . Transport L .

Coefficients Losses Coefficient | Perturbation

linear

Mod.ref . ki, ki, ks YES NO 10 NO
mixture
linear

Mod.1 ) ki, ki, Ky YES NO 10 YES
mixture
linear

Mod.2 ) ki, ke YES NO 10 NO
mixture
linear

Mod.3 , ki, ke NO YES 10 NO
mixture

Mod.4 | Spitzer ki, ke NO YES 10 NO

Mod.5 Spitzer/10 | k|, kt NO YES 24 NO

Table 5.4.1: Five numerical models are shown, differentiated from the reference Mod.ref model
according to the implemented physics parameters.

The electrical resistivity is approximated by the linear mixture formula of equation 5.4.7 and
additionally the transverse Spitzer's resistivity formula is adopted in Mod.4 and 5. In Mod.5 the 10% of
the Spitzer resistivity value is considered in combination with a higher vacuum resistivity coefficient
(value of 24), according to the work presented in [23]. The thermal conductivity scheme used in Mod.1
is identical to Mod.ref, while in Mod.2-5 the parallel (k;;) and normal (ki) thermal conductivity
schemes are implemented from Braginskii’s transport equations for a simple plasma [34] and follow
the scheme used in the GORGON model. The radiation transport and the optically thin losses modules
are applied sequentially to the models, to enable the study of their effects on the computational
results. In Mod.1 and 2 the radiation transport module is activated while in Mod.3-5 the optically thin
losses module is activated [23]. Furthermore, a random perturbation with a maximum magnitude of +
10% of the actual mass density, is activated only in Mod. 1. The rest of the boundary and initial
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conditions of the five models are the same and identical to the PLUTO model described in the previous
subsections.

1.00
1.00 x 10”

1.00x10*

1.09 x10°
rho (gr/cm’) Mod.1

-08-06 -04 0 04 06 0.8 (mm)

Figure 5.4.3: Characteristic results of the plasma mass density spatiotemporal dynamics for six different
PLUTO models 60ns from the current start.

Figure 5.4.3 shows the mass density evolution of the X-pinch configuration for the five new models
in relation to the reference model at 60ns from the current start. Mod.1 has an identical spatial mass
density evolution as to the Mod.ref, and only slight differences are observed on the plasma
modulations along the wires. These modulations have a slightly longer wavelength and an enhanced
amplitude due to the activation of the initial random perturbations, having the same behavior as in
Mod.ref. The jet tip height is 1.8mm and the density island formed has a length of 680um, similarly to
Mod.ref. In Mod.1 the denser area at the plasma neck appears at 0.15<z<0.2 mm and is elongated
along the z-axis in relation to the Mod.ref. In Mod.2 the density island expands to 1100pum and a thin
plasma neck is formed. The jet's tip approximates the 2mm height, being ~10% longer than the jet
produced in Mod.ref. Furthermore, the perturbations at the corona-vacuum interface are almost
absent. This is attributed to the adoption of the Braginskii’s high order kL thermal conductivity value
that increases the heat conduction in the plasma from the coronal plasma to the core. In Mod.2, the
core of the wires is heated faster and very early, since the radiation transport among the core and
coronal plasma interface develops high thermal pressure. Therefore, the radial plasma expansion is
enhanced in relation to Mod.ref and 1 and the peak value of the magnetic field is lower since it
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depends on the coronal plasma radius, which is quickly increased due to the efficient thermal
transport.

The simulation results of Mod.3, 4 and 5 present significant differences compared to Mod.ref, 1 and
2. The plasma density island at the cross-point area is eliminated in Mod.3 and 4, where a dense Z-
neck core, having a density of 0.03gr/cm® and a height of 300um, is developed. In Mod.3, the
deactivation of the radiation transport module prevents the heating of the plasma core of the wires
that remains relatively cold with a temperature of ~2eV and a density of 0.5gr/cm?, even if the normal
component of the heat conduction is high. The hot coronal plasma expands fast, and a wide jet profile
is formed. The value of the plasma density (0.001gr/cm?®) of the jet in Mod.3 is an order of magnitude
lower than the first three models, having a height of 2.5mm. Additionally, near the cross-point, high
amplitude density perturbations are observed along the wire’s corona-vacuum interface, which are
attributed to the characteristic time for the magnetic field B diffusion into plasma, which is inversely
proportional to the resistivity being several times greater in relation to Mod.ref-Mod.2. The coronal
plasma close to the cross point, has temperature values that approach the 160eV, while in Mod.1 and
2 approach the 50eV.

In Mod.4 the Spitzer resistivity is considered instead of the linear mixture used in Mod.3. The
activation of Spitzer resistivity results to a high radial expansion in relation to Mod.3 and to very low
mass density values. The density distribution of the jet and the coronal plasma has the lowest values
among the six models (~10™gr/cm?). The height of the jet tip approximates the value of 2.3mm. The
density island at the cross-point is not even formed, while the pinching effect on the plasma neck is
reduced compared to the previous models. This behavior is attributed to the expression of the
Spitzer's resistivity adopted, which for temperatures above the threshold of ~2eV is overestimating the
resistivity values. Thus, even if the coronal plasma is overheated due to the Ohmic heating and reaches
the maximum temperature of ~270eV close to the cross point, the resistivity values remain high.
Therefore, the resistivity enhances the diffusion of the magnetic field into the coronal plasma and
mitigates the development of the perturbations that were observed in Mod. 3. On the contrary, the
thermal plasma expansion dominates, and high resistive plasma electrodes are formed. In Mod.5, the
same to Mod.4 modules are activated, with the Spitzer resistivity being ten times lower, approximating
electrical resistivity values even lower than the values obtained by the linear mixture scheme, while
the vacuum resistivity coefficient is increased to 24. Therefore, the resulting plasma evolution has the
morphology of Mod.3, where high amplitude density perturbations, near the cross-point area, are
developed. The jet height is 2.35mm and the cross-point density island has a width of 1300um. The
maximum density is one order of magnitude lower in relation to Mod.ref, 1 and 2. The density of the
jet is ~1073gr/cm?, like Mod.3. The pinching at the cross-point area is more intense in relation to Mod.3,
while the cross-point and the wire’s core have similar mass density values. The temperature value at
the cross-point corona area and at the density island is 110eV. The results of Mod.3-5 are
characterized by a highly expanding plasma behavior that leads to the formation of wide jet profiles
and generate high amplitude density perturbations along the wire’s corona-vacuum interface having
high valued temperatures.

The Mod.ref and 1 where the linear mixture resistivity, the three components of the thermal
conductivity and the radiation transport module are activated, provide a computational description of
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the spatiotemporal plasma dynamics that strictly agrees with the presented GORGON model
simulation. Furthermore, although the seeding of random perturbation, that was investigated by the
Mod.1 simulation, resulted to higher amplitudes and wavelengths of the corona plasma instabilities,
the global dynamics of the plasma evolution were not affected. This comparison highlights the optimal
selection of the physics and numerical parameters used in Mod.ref and determines their impact on the
X-pinch plasma MHD simulations performed by the PLUTO code [31,32].

5.4.4 Discussion/Conclusions

In this section two state-of-the-art high parallelized Magneto-Hydro-Dynamic codes, GORGON and
PLUTO, are used to simulate the evolution of laboratory magnetically compressed plasma driven by an
X-pinch pulsed power generator and describe its key dynamic features. Since GORGON and PLUTO
codes are built on different approximation schemes, the simulation results obtained from both codes
are further discussed and analyzed, in relation to the physics and mathematics adopted. The MHD
simulations focus on the reliable description of the spatiotemporal dynamic evolution of the plasma
density and the magnetic field magnitude of an X-pinch configuration using Tungsten wires of 5um
diameter, set at an angle of 50°.

Both codes manage to accurately handle the numerical demands of the X-pinch plasma evolution
physics and provide precise details on the mechanisms of the plasma expansion, the mass-transport,
the jet-formation, and the pinch generation. The physics and numerical parameters that affect and
influence the simulated plasma dynamics are evaluated by five new models developed in PLUTO. The
results are used for comparison with the verified GORGON code. The radiation transport module is
proven to be significant for the energy exchange, providing a perturbation profile with low growth
rates along time, reducing the plasma temperature and the radial expansion rate compared to the
models which only consider the optically thin losses. The optically thin losses module results to a more
diffusive spatiotemporal behavior regardless the resistivity implementation scheme. The seeding of
random perturbations in PLUTO does not affect the global dynamics of plasma evolution but only
slightly the wavelength and the amplitude of the developed modulations. The numerical study
presented is important for the studies of laboratory jets formation using X-pinches and the studies for
the seeding mechanisms of plasma instabilities and their subsequent growth rate evolution. The
identification of the parameters that influence the dynamic expansion of plasma provides valuable
information for the modeling scenarios where proper seeding, considering the solid to plasma phase
transition, is simulated (as we already discussed at the Z-pinch presentation in Chapter 2).
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5.5 Astrophysical correlation of laboratory jets
with X-pinch low current plasma devises

Nowadays experiments on pulsed power facilities like Z-pinch wire arrays, conical arrays, radial wire
arrays and high-power lasers are leading the way in studying astrophysical phenomena in the
laboratory as already is mentioned in the previous section's introduction [1-11]. There is a minor gap
to the scalability and jet astrophysical relevancy estimation for an X-pinch pulsed power configuration.
This study contributes to the estimation of the scalability factors and all the relevant numbers and
parameters for a low current X-pinch tungsten plasma configuration, the same as the one of section
5.3.

5.5.1 Scale invariant constants and estimation of dimensionless parameters-
Comparison with astrophysical entities

The scaling invariant relations that have to be satisfied for the laboratory and astrophysical cases are:

Prab)%> PAst
VLab( - ) = VAst( - ) 03 or Mpab = Mast
PLab l)Ast

" (5.5.1)
Blab  Bast B
(P05 (Proy0s OF Prab = Bast

These are known as the Euler and Alfvén numbers/similarity relations, respectively [1-4]. P is the
thermal pressure, V is a characteristic velocity, p the mass density and B the magnitude of the
magnetic field. If these scaling constraints are preserved along the simulation run, then the plasma
evolution should be optically similar for both astrophysical and laboratory case [2]. The first one holds
for a pure HD case with low or no magnetic field while the second constraint is extra implemented for
the MHD case [3].

The first set of dimensionless numbers that are important to consider for both cases are [3-11]:

R |V x (V x B)|(advection)
™ 7V x (ngV % B)| (diffusion)

magnetic Reynolds number

vd
Re = we , Reynolds number
Vu (5.5.2)
VpL
P, = ZP char , Peclet number
e k p
th

where V is the plasma velocity, d the jet diameter, Lcnar jet length, nq the magnetic diffusivity, v, the
dynamic viscosity, ke thermal conductivity coefficient and c, the constant pressure specific heat
capacity. These estimate the microphysical flow jet properties evaluating the importance of dissipative
effects for the dynamics of the jet evolution [3-5]. They have to be much larger than unity if we want
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to ignore the resistivity, viscosity and thermal conduction. This is the ideal MHD approximation. While
this is true for the astrophysical cases , the same numbers are much smaller for the laboratory cases.
Nevertheless the MHD jets simulations, due to numerical transaction errors, are not of that high value
numbers reaching within the mean value laboratory regime of ~50-100000 especially at many cases of
Young Stellar Objects (YSOs) [3].

The next set of equations, that holds for our model, are dimensionless numbers that refer to global
properties of the jets [5,8]:

\% \% P
M=—=—-—% withI'=—+1, Mach number
et
Y
\Y% \Y%
Mp=r=—v5w—, Alfvén Mach number
Va2 _B__
(4mp)05
\Y%
Mg = v Fast magnetosonic Mach number
f
\Y%
Mg = v slow magnetosonic Mach number
S

(5.5.3)
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1
where Vg ¢ = (E [VA2 + V2 F (Va2 + VD2 - 4VA2VSZCOSZG)O'5]) and

P
B= ==, plasma 3 parameter
Pmag B_
8
V  teoo1 /cO0ling length V-P ]
X= ( , ; ) = , cooling parameter
Tjet jet radius (T = Drjet * Prag
A U T 3 (KgTe)?
§=—mpf _“thi_ (KpTe) — localization parameter

et Tjet  4TMOSNGInA - Zeglet . Tjet
The characteristic velocities that have to be considered are the sound speed Vs, the Alfvén plasma
velocity Va and the slow/fast magnetosonic Vs while the relative dimensionless numbers are M, Mx
and Mg, respectively, corresponding all to Mach plasma numbers. The 8 angle is between the direction
of the wave vector k and the magnetic field B. The Praq is the power density radiation energy losses
and rje is the radius of plasma jet [8,10]. The collimation parameter that is important is 6 that has to
be much smaller than unity for collimated jets while the A is the ion mean free path [7,11].

The first estimation is for the characteristic plasma velocities. The following 3D figure depicts all the
important wave and plasma velocities at 49ns from the current start (a few ns after the current peak of
44 kA). It is a 1/8 spatial computational box depiction where the X-Y-Z lengths are 2.0mm-1.5mm-

3.2mm respectively. The unit length corresponds to 10um at each axis. The jet propagates along Z axis.
All units are in C.G.S. metric system.
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Figure 5.5.1: The main plasma velocities at 49ns from the current start. The 3D pictures present a XYZ
1/8 spatial computational box. From the left to the right and from the top to the bottom are: mass
density, bulk, Alfvén, sound, fast and slow magnetosonic speeds. The lower cut-off value is 100cm/s for
the velocities and for the density the 510 gr/cm®. The unit length at each axis is 0.01mm. All units are
in c.g.s. The plasma vacuum has, by hand, zero values.

The separation of the main plasma column and the low-density air background plasma is achieved
through a threshold value of 510 gr/cm®. The main plasma jet has a mean velocity value ~40km/s
that is approximately the Z axis plasma bulk velocity also (section 5.3). The highest velocity is the fast
magnetosonic one that is mainly of the order of 1km/s to 100km/s remaining approximately 1000
times smaller than the speed of light making the non-relativistic approach suitable for this case. The
highest sound speed is 10 times lower and its main value is ~1-10km/s.

The second estimation is for the dimensionless Mach numbers. The depiction at the next graph
gives a better estimation for the supersonic regime of the plasma jet (especially at the lineout graphs
along Z axis), presenting the Alfvénic, fast magnetosonic and slow magnetosonic Mach numbers. The
lowest values are for the fast and the higher for the slow as expected. The slow magnetosonic and the
sound Mach numbers are almost of the same highest values while the sound is of a little higher value
than the slow one. The Alfvénic has lower values than the sound in general but at the main jet axis
there are regions that its value is much higher than the sound's. The main jet has M from 0.1 to 30-40
and Ma from 0.1 to several hundreds. The fast magnetosonic is lower than the others and goes up to
the value of ~10.

As we can see the higher values of Mach numbers are at the jets top while the lower plasma area is
compressed, due to the jxB forces from the cross point and the surrounding area (analysis in section
5.3) with sub-Machian speeds that are rising as we are moving along the jet Axis from bottom to the
top. This is best depicted at the bottom row of figure 5.5.2 that we see two lineout curves of the Mach
number, one at the jets top (green one) and one at the jets main upper body (blue line). The Mach
number is of the order of 10 to 20 rising to higher values at the jet's top while at the main upper parts
has values from 5 to 8.
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Figure 5.5.2 Top and second row: The plasma sound M, Alfvénic M,, fast magnetosonic My and slow
magnetosonic Ms Mach numbers at 49 ns from the current start. The lower cut-off values of the Mach
numbers is 0.1 . The plasma vacuum has, by hand, zero Mach value.

Bottom row: The YZ plane of the Mach number focusing at the jet's upper part. The lineouts are taken
at the jet's top (green line) and upper main body (blue line) at the left picture while the lineout curves
are depicted at the right.

This speed acceleration has two main component mechanisms that contribute to the formation of
the plasma jet and are both dominant at this time (section 5.3):
i. The jxB forces compress the cross point area and eject plasma to the inside area of the jet which
pushes the upper layers making them to accelerate.
ii. The plasma cables continue to eject plasma streams that collide to the main plasma jet and hydro-
dynamically contribute to the jet collimation and acceleration preserving the momentum along Z axis.
The third estimation is for the dimensionless parameters that are relevant to the dissipative effects
of magnetic diffusion, plasma viscosity and thermal conductivity. The magnetic Reynolds number is
evaluated from the original expression of equations (5.5.2) set, giving a more realistic spatiotemporal

profile. The unit length that is used to the partial space derivative is 0.01mm that corresponds to the
discretization unit length of the code.
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Figure 5.5.3: The Reynolds and magnetic Reynolds number evaluated at 49ns from the current start.
The plasma vacuum is set zero by hand.

The main plasma volume has R, numbers ~10*~10> much larger than unity giving a satisfactory value
estimation according to literature [3-11].

Even though this model has no viscosity term implementation we can evaluate the simple Reynolds
number from a classical dynamic viscosity coefficient i.e. Braginskii's original work [12]. The estimation
of course will give high Reynolds numbers setting this model to the Ideal MHD regime. The picture
estimation is depicted at figure 3.25 in sub-section 3.4.3 while the relative dynamic viscosity formula is
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the one described at the same sub-section [13-15]. The relative physical values are the original from
the simulation run except for the jets diameter that we set 1mm and the InA that we used a constant
value of 10. As we can see for the main plasma jet the previous allegation is correct giving values from
~10*to ~10.

A more thorough examination of the Reynolds number is presented right away independently from
this simulation model taking in consideration a larger density range and temperature regime. This is
depicted at the figure 5.5.4 graph as a function of mass density isotherms. The temperature range is
from 0.52eV to 165eV and the mass density from ~10gr/cm?® to 10°gr/cm?>. The jets bulk velocity is
considered as the mean jet value of 40km/s at later simulation times and the jets diameter as 1 mm.
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Figure 5.5.4: The Reynolds number isotherms for temperatures 0.52eV to 165eV.

As we can see for densities of ~10°gr/cm? to ~10gr/cm? that is the plasma density regime, the
Reynolds number is ~10% to ~10® having high values and is in good agreement with the other studies
and the figure 5.5.3 picture [3-11]. It is lower at the dilute plasma region and rises linear like as density
goes to higher values. From the top graph of figure 3.25 in Chapter 3 we see a value range for the
viscosity coefficient from 10°dyn'scm™to 10>dyn's’cm™ that is valid for all plasma densities except for
the local maxima for 6000K, 8000K and 10000K isotherms. This explains the rising behavior of this
graph due to the Reynolds formula of equation (5.5.2) that is proportional to the mass density and the
local minima for the small temperatures due to the inverse proportional relation with the viscosity
coefficient.

This model does not include thermal conduction explicitly, but all the radiation phenomena are
included through modules of optically thin losses and radiation transport (as described at section 5.3).
Nevertheless, we can calculate the Peclet number from the formula of equations (5.5.2) set, while the
specific heat capacity is taken constant and of the order of 3.10%rggrK™ [16]. The parallel
component of Braginskii's electron thermal conductivity is used for thermal conductivity coefficient
due to the higher values than all the other components. The parallel component is evaluated from
equation 3.74 in sub-section 3.4.2. The Coulomb logarithm InA is set 10 again and Zef is calculated
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similarly as to the previous study of Reynolds number. The characteristic velocity is bulk velocity of
plasma at 49 ns and the characteristic length is taken 2mm due to the jets length. The simulation
estimation is at figure 5.5.5.

The thermal conductivity coefficient has values that are from ~10°%erg (s’ K'cm)™ to ~10%erg (s’ K'em)™.
They are in good validity range for the temperatures and plasma density for our case. A more thorough
estimation of the Peclet number will be presented right away similar to the one that we saw for the
Reynolds number.

The Peclet number is smaller at the bottom area of the jet, takes higher values at the middle of the
order of 100 (blue line and curve) and goes to much higher values at the top approximately to 1000
(red line and curve). The very top of the jet has one order higher value but it is not depicted here.
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Figure 5.5.5 Top row: 3D graphs of the Braginskii's electron parallel component at the left and the
Peclet number at the right 49ns from the current start.
Second row: The YZ plane of the thermal conductivity at the left and the lineout curve along Z axis from
the near bottom area of the jet till its top (purple line).
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Third row: The YZ plane of the Peclet number at the same moment and two displaced lineout curves
along Z axis. The first (blue line) is at the middle and the second (red line) at the jet top.

The analytical calculation of the Peclet number at the whole density and temperature range is
presented using the aforementioned Braginskii formula. The jet's characteristic velocity is 40km/s and
the characteristic length is the same of 2mm at 49ns. The Coulomb logarithm that is used here is the
one proposed by Ebeling et al, representing the effective quantum Coulomb logarithm as calculated
from the Born approximation and Debye potential [17] (analytic presentation in equation 3.64 in
subsection 3.1.4.3). Experimental data at the WDM region for thermal conductivity is quite in a good
agreement with the predictions of the Braginskii's formula (as presented in the second graph of figure
3.24 in Chapter 3) while the linear like rise and temperature independence mentioned in literature
study [18] is achieved. The Peclet number also is affected from this linear rise at the dense matter
regime lowering its value (figure 5.5.6).
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Figure 5.5.6: The Peclet's number isotherms from 0.52eV to 165eV.

The thermal conductivity is in the range of ~10%rg (s’K'ecm)™ to ~10%erg (s’ K'cm)™ for almost every
plasma density and temperature (figure 3.24 in Chapter 3/PART Il). Exceptions are the very low 6000K,
8000K and 1000K that have smaller values at the dilute plasma regions but are in quite good
accordance to the experimental data of 10000K [18,19]. The linear rise that gives higher values of the
thermal conductivity is at the very dense region that is out of this study's regime. This estimation is in
perfect agreement to 5.5.5 figures along plasma jet as we saw and discussed earlier.

The Peclet number goes from ~107 to ~10’ from the very thin to the very dense region. The density
range of the simulation study at the time of 49ns has a density of ~10gr/cm? to ~10gr/cm?® according
to figure 1. The Pe numbers according to these densities are higher than unity and reach ~10° for the
10'gr/cm? densities and lower temperatures range. They are in good agreement to 3D, 2D and lineout
depiction of the figure 5.5.5 pictures. The laboratory literature gives constant numbers above unity
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[3,5,8,20] but not of the very high astrophysical cases that are ~10* for YSO [5] and goes to 10° and 108
for HH and SNRs object respectively [20].

The temperature range of the simulation for the 49ns is from ~1leV to ~100eV, in the range
estimation of the previous graphs of viscosity and thermal conductivity. This is depicted with a 2D
picture and lineout curve along Z and central jet axis at figure 5.5.7.
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Figure 5.5.7: The temperature profile at 49ns from the current start. The left picture is a YZ plane of the
temperature taking 1eV and 30 eV as the lower and upper limit depicting the jets range of interest. The
vacuum plasma has a constant temperature of 0.05eV. The lineout is taken along the jets main axis
producing the right temperature curve.

As we can observe the main temperature goes from some eV at the middle and upper parts to
~20eV to the bottom area. This is due to the efficient radiative losses from the radiation transport
phenomena that give a dominant cooling mechanism (section 5.3). Also, it is inversely proportional to
the jets Mach number having higher values at the cooler domains and vice-versa. The temperature
regime is very close to the ones of YSO jets that are of some eV [5] and close to literature laboratory
experiments for plasma tungsten [7,11,20].

The fourth estimation of the jets properties have to do with the study of the role of collision and
cooling rates [3-11,20]. Two dimensionless parameters that should be evaluated and these are the
cooling parameter x and the collisionality parameter 6. If they are smaller than unity, we have
collimated jets that radiation cooling is important [3,5,20]. Conically convergent flows produce
stagnation of plasma on the axis of symmetry and form a standing conical shock effectively collimating
the flow in the axial direction that is similar to the hydrodynamic mechanism for jet formation in
astrophysical systems [5].

A lot of experiments concerning conical wire arrays [1-3,5-11], magnetic tower jets from radial wire
arrays[3] and ablating plasma jets generated from a solid target by a high-power laser [5], have
experimentally investigated the validity of laboratory jet formation and evolution and their relevance
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to the jets of Young Stellar Objects (YSO) [1-11], formation and evolution of astrophysical phenomena
such as Herbig-Haro (HH) objects and Supernova Remnants (SNRs) [5,20].

The effectiveness of collisionality and radiation cooling increase with the Atomic number of the
plasmas material [3,5,20]. The plasma Tungsten of our case is the perfect candidate to have these two
parameters in accordance with the astrophysical plasmas numbers. The high Mach numbers of the W
flows makes them a better match to SNRs while the radiative cooling plays an important role at the jet
flows giving very high cooling parameter [20].

The cooling parameter ¥ is estimated from the relevant equation of equation system (5.5.3), taking
the jet radius 0.5mm. Thermal pressure and bulk velocity are from the simulation output data at the
49ns.

The radiation power density is proportional to the heating-cooling term [21] according to:

_d(pe)

Prag = T = —kp pc(aRT4 — Eraq) (5'5'4)

where k; is the Planck mean opacity, ar the radiation constant, c the speed of light and E,q4 the
radiation energy density (Chapter 3/PART |, (3.31) and (3.37) equations) [22]. If we use this equation
for the Praq we have the following pictures of figure 5.5.8.

The electron density of the plasma jet varies from ~10*grecm™ to ~10*'grcm™. The radiation power
density as we see at the right picture is of the order ~10*2egrs™cm™ and goes up to ~10*'egrs*ecm™ at
the bottom areas. Only the jets top is at the ~10egrs*cm™ , much smaller than the rest of the
plasma column having also the smallest temperature according to the temperature profile of figure
5.5.7. Also, we observe power density's islands of increasing and decreasing, creating thermal "islands"
along Z axis that are interpreted as fluctuations to the temperature profile at figure 5.5.7 along Z axis.
These values are quite in good agreement compared to the MHD estimation of figure 3.4 in Chapter 3.
We see for the electron density regime of our interest and for temperatures from 1eV to 100eV, the
MHD prediction is ~10™egrs™cm><P,,q<~10%'egrscm, exactly the power range we mentioned
earlier. Also this rate could be used to a complementary definition of the Peclet number [23].

222



Pseudocolor

ar: Ne
- 1.143e+021
-4.677e+018

_1.913e+016
B 7 827e+013
Max: 1.143e+021
Min: 7.827e+013

Pseudocolor
Var: Prad
5.504e+021
-6.716e+017
- 8.195e+013
1.000e+010
Max: 5.504e+021
Min: 0.0000

Pseudocolor

Var: cooling_factor_x

o 3.976e+004
-2510
—0.0001584

1.000e-008
Max: 3.976e+004
Min: 0.0000

Figure 5.5.8: The top row presents the electron density at the left and the radiation power density at
the right. The lower value depiction at the power density is 10°° erg's*cm™. The bottom pictures are
the dimensionless cooling parameter x at the left and plasma 8 at the right. The lower value depiction is
10%and 107 respectively. The time is 49ns from the current start. The vacuum values are set by hand
zero except for the electron densities.

The cooling parameter x for the main plasma jet is near one giving both smaller and higher values.
So to clarify this estimation a 2D YZ plane picture is presented having also three lineouts curves
depiction for the bottom, middle and upper part of the jet along Z axis.
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Figure 5.5.9: A YZ plane depiction of the cooling parameter x. The three lineouts are taken along Z axis
for the jet at the bottom, middle and top area having approximately the same spatial length of 0.3mm.
The right picture depicts the three lineout curves.

_The spatial length is approximately 0.3mm for each one. The lower curve has smaller values than
the middle which it has smaller values than the top. We observe a main lower than unity value (~0.1 or
smaller) for each curve, but we see peaks from 3 to 9 values with a periodic behavior of ~0.2mm. The
maxima of the cooling parameter have the same spatial distribution as the peaks of the radiation
power density (figure 9). The literature values for the cooling parameter gives an estimation of 0.1-10
for plasma tungsten that is in good agreement with this presentation [5,7,10,20]. The Z-pinch devices
are generally with 0.01-10 numbers while for the YSOs are smaller than one [3]. The HH and SNRs
objects have 0.01-1 and 0.1-1 respectively [20].

The plasma B parameter is much larger than unity inside the jet, along Z axis while it goes smaller
than one to the bottom branch part, at the corona plasma of the branch and the jet. The thermal
pressure is dominant at the denser plasma regions while at the dilute ones it goes magnetically driven.
Also, we see at the cross point area the green color is the main color confirming the high magnetic
pressure that was mentioned before. The red line across the plasma branch also confirms a local
domination of the thermal pressure that rises due to the collimation from the upper and lower plasma
layers that are magnetically driven. The laboratory have usual ~10 to ~10? the same as the YSO [3].
The Astrophysical Environments are from ~10° to ~10°® [23].

Now we take the final formula for the localization parameter using the ion mean free path of [11].
The estimation will be again both from the MHD equations using the FLYCHK data and from the
simulation at 49ns from the current start. The plasma tungsten due to the high Atomic number has
higher radiation cooling rate as we discussed before and produces more collimated jets than the other
smaller Atomic number metal plasmas (i.e. aluminum, iron) [5]. This way a small collisionality
parameter is expected from both MHD and simulation.

For the simulation run we take InA constant again as a 10 value and the radius of the jet 0.5mm.
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Figure 5.5.10: The top picture presents the MHD prediction for the localization parameter. The
isotherms are from 0.52eV to 165 eV and the density range is ~10 gr/cm® to 10°gr/cm’. The bottom
row depicts a YZ plane of the localization parameter (left picture) at 49ns while a lineout is taken along
Z jet's axis presenting the outcome at the right picture. The lower and higher values are 10 and 10°

respectively presenting the parameters range interest for the jet. The vacuum values have been set zero
by hand.

The isotherm curves of figure 5.5.10 uses the FLYCHK data [13,14] while the InA is evaluated from the
formula of equation (3.64) in Chapter 3.

The simulation calculates values of ~10® to ~107 for the whole main plasma area while the lineout
curve along the central jet axis gives values ranging from ~107 to ~10™ having the higher values at the
jet's top. Also, we observe that the denser (figure 5.5.1) and hotter (figure5.5.7) bottom parts of the jet
are the ones with the lower values while they rise along the jet's Z axis at the more dilute and cooler
upper parts. This prediction is exactly what the top picture of figure 11 presents. The isotherm curves
that correspond to the jet temperature (some eV) and density regime (~10°gr/cm® to ~0.5gr/cm?)
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predict numbers from ~10® to ~102 The main isotherm body of 10eV to 165eV has isotherms of

approximately the same value range along the density axis while the bigger discrepancies are the ones

of the very low temperature values of 0.52eV, 0.69¢eV and 0.86eV where the MHD lucks for the plasma

description.

The main stellar objects have a main localization parameter ~107° to ~107 [3,20]. Specifically, for
YSOs is smaller than 10 [3] and for HHs and SNRs is ~107° [20]. The laboratory experiments give a <103
[7] to <10™ prediction [3,5]. The mean value of our simulation is at the YSOs and all Laboratory

Astrophysics experiments regime.

5.5.2 Comparison with Laboratory, YSO jets and other astrophysical entities

The next table summarizes the results of the previous analysis and gives the Laboratory Astrophysics

and Astrophysics relevant estimations.

This study Laboratory
Simulation jet MHD Astrophysical Astrophysical jets and
jets Environments
p(gr/cm’) ~10°-~10" ~10°-~10" 107-10°[3,4] 10%-10?°(YS0)[3,4]
T(eV) ~1-~20 ~1-~20 5-300 [3,4] 0.5-100(YSO)[3,4]
<10-20 (W)[20]
Voui(Km/s) ~0.1-~100 - 100-400 [3] 100-500(YSO)[3]
Vjer(km/s) ~40 - 33[7] -
164 (W)[20]
Veound(km/s) ~1-~10 - 10°-10*[3] 10%-10*(YSO)[3]
5.5 [7]
Vaitven(km/s) ~0.1-~50 - 180 [4] -
Viast(km/s) ~0.1-~100 - - -
Vsiow(km/s) ~0.1-~5 - - -
Mach ~0.5-~500 - 5-40 [3,7] >>5 (YSO)[3]
>10(W) [20] 5-30 (HH) [20]
10-100 (SNRs) [20]
~10 (Astr. Env.) [23]
(Mach)aiven ~0.5-~1000 - 3 [4] 5 (4]
(Mach)sast ~0.1-~100 - - -
(Mach)siow ~0.5-~1200 - - -
Plasma B ~0.1-~1000 - 102-10%[3] 102-10%4(YSO)[3]
<10 (Astr. Env.)[23]
Re ~10*~10’ ~10°-~10° >10%[3,4] >10% (YSO)[3]

10%(W) [20]

10'°(HH) [20]
10 (SNRs) [20]
>10’ (Astr. Env.)[23]
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Rm ~10*%-~10° - 10%-10%3,4] >10" (YSO)[3]
>10° (Astr. Env.) [23]
Kehermal(€rg/(sKem)) ~10°-~10° ~10°-~10° - -
Pe ~10%-~10° ~101-~10° 50-10%[3] >10’ (YSO)[3]
2 [4] 102 (HH)[20]
20 (W) [20] 10° (SNRs)[20]
Praa(ergs™cm?) ~10%-~10% ~10%-~10% - -
Xcooling ~10-~10* - 102-10'[3,7] <1 (YSO) [3]
0.1-1(W) [20] 0.01-1(HH) [20]
0.1-1(SNRs) [20]
Slocalization ~107-~107 ~10%-~10" <10™[3] <10°[3]
<107[7] 107 (HH) [20]
102 (W) [20] 10 (SNRs) [20]

Table 5.5.1: The first column is for the simulation at 49ns from the current start. The second presents,
for the same range of densities and temperatures, the MHD equations evaluation using the Zeff=f(p,T)
FLYCHK data for tungsten. The third is the estimations of the Laboratory Astrophysics experiments and
the fourth the Astrophysics estimations for YSOs, HHs and SNRs entities. The third and fourth column
have also the literature references at the end of each estimation.

The last thing that has to be clarified is the scaling factor consistency. The equation (5.5.1) system
has two equation constraints that have to be satisfied while extra constraints are in order to evaluate
extra physical phenomena i.e. radiation [3,23].

The first is for the hydrodynamic consistency and is practical the Mach numbers of the two systems
to be equal along examination time for the plasma evolution. In our case the Mach number has a mean
spatiotemporal value ~10 and is in range of HHs entities and at the lower limits of YSOs and SNRs. An
example is YSO DG Tau A object , that has a Mach number of 11, a jet temperature of 3eV and a flow
velocity of ~250km/s [4,24,25]. Since this Mach number is near our own, we can use this Astrophysical
entity as scaling example. We want to take three independent variables to make the scaling
dimensionless factors. Thus, we take:

Liap = alagc and prap = bpase and Vigp = cVage

PLab VLab2
PLap = ——'PAt=bC2'PAt
a PAst VAstZ s s (5.5.5)
LLab VAst a
and t =——4t =—--t
Lab VLab LAst Ast c Ast

where the a, b, c are the scaling dimensionless constants for the characteristic lengths L, mass
densities p and plasma velocity V of the Laboratory and Astrophysical systems. This way we can
compute the scaling of time for the two systems and the scaling for thermal pressure [1,2,3]. There is
clearly some arbitrariness on the choice of some of the scaling parameters and for the case presented

227




here we assume the flow to be close to the YSO source. The next table presents the characteristic

values used in our system and the astrophysical case:

Characteristic variables X-pinch plasma tungsten DG Tau A object/HH158
simulation

V(km/s) 50 250
p(gr/cm’) ~103-~10" 108
Leharacteristic 0.1cm 10 AU=1.5"10"cm
tcharacteristic 50ns ~4.75 years
P(dyn/cm?) 10%-10° ~2.5107-~2.510°
B(gauss) ~10%-~10° ~510

Table 5.5.2: The first column depicts the characteristic variables of the X-pinch plasma. The right
column is for the same variables of an YSO object considering the scaling factors a, b, ¢ for the
characteristic time, thermal pressure and magnetic field.

where a=6.67"10"", b=10"®, if we take lab mass density ~107 gr/cm3 and c=0.2. A characteristic time of
the simulation lab experiment is ~50 ns that is the time from the current start to its peak. The
Astrophysical simulation time that corresponds to the scaling relation comes from the c/a ratio of the
(5.5.5) relation and is 3*10™ times higher, giving 1.5*10% seconds as a result (approximately 1736 days
or ~4.75 years). This is a rough estimation if we consider the density and velocity range. Similar
predictions by A. Ciardi give for a 200ns simulation run a 10-year Astrophysical scalability that is very
close to this prediction [3]. Another prediction gives that 10ns of the Laboratory experiment
corresponds to 7.5 months of the Astrophysical evolution [4]. This prediction is also very close to our
own findings.

The thermal pressure of our simulation gives an Astrophysical scalability estimation of ~2.5*10°
"dyn/cm?~2.5*10°dyn/cm? originating from the relevant equation of the (5.5.5) set. This results for
the magnetic field scaling from the second equation of the (1) set of equations, to roughly 5mG. It is
also a very close estimation to the [3] and [4]. But we have to be very careful due to the discrepancy of
the plasma B of our study and the usual Astrophysical that is one or two orders of magnitude smaller.

5.5.3 Discussion and Conclusions

The average Mach number of ~10 demonstrates that the jets discussed in this study show a potential
scalability to Astrophysics. It is in the range value of the YSO jets and HH objects. The scaling is very
close to the ones of other laboratory devises with similar current and magnetic field initial values.

A recent experimental study of G. S. Jaar and R. K. Appartaim [26] for jets produced on a
microsecond X-pinch through light-field schlieren imaging and optical framing photographs across 4
different materials, Al, Ti, Mo, and W, suggests that the multi-structure axial jets formations and the
kinks observed along temporal plasma evolution have some similarities with astrophysical jets.
Specifically bending and deflection of jets have also been observed in astrophysical systems, where
these phenomena are thought to be caused by the interaction of the jet with ambient clouds and by
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radiation from nearby stars [27]. The bombardment by the plasma from the limbs could cause a
standing shock on the axis and result in the multi-structure jet formation when the plasma from the
crossing point is ejected up into the base of the jet [28-30]. It is the same multi-component structure
and the formation mechanism that is discussed in 5.3 section and is also observed through the physical
values analysis of this section. In astrophysical jets (such as He 3—1475), hydrodynamic radiative shocks
are thought to provide mechanisms that contribute to their longstanding collimation and some
simulations (including the ones in this study) of this phenomenon appear to have a similar form to
what is observed in the X-pinch [31-35], considering numerical and physical diffusivity [34] .

This study presents a promising laboratory scalability estimation for specific X-pinch jet's
parameters. The inclusion of proper viscous terms, "cold" start initial conditions transferring angular
momentum from the crosspoint area to the plasma jets (similar to the ones in 4.2.3), interaction of the
main plasma jet with the plasma vacuum and thorough study of the simulation till the current peak,
are goals for the future work, hoping for further conclusions of the underlying formation mechanisms
and potential connections to astrophysical phenomena.
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CHAPTER 6

Conclusions

The work presented in this thesis can be conceptually divided into three main parts, investigating the
physical phenomena that occur during the dynamic plasma evolution of pinch plasma devices and their
analogies with astrophysical plasmas in the macro-scale.

The first part investigates the validity of physical MHD schemes that could be applied to any pinch
plasma configuration for any plasma temperature, thermal pressure and magnetic field strength. The
MGGB/SESAME based EOS for thermal pressure P=f(p,T) and internal energy E=f(p,T) are suitable
tabulated functions for the MHD scheme, considering the transition plasma state phases and the
coexistence regions. An appropriate modified tabulated introduction of the mean ionization state Z.
to the numerical code from the FLYCHK code, appear to be quite satisfactory for every plasma regime.
The optically thin losses power density presents a remarkable agreement with the experiment and
literature. The tabulated FLYCHK data are used. There is a discrepancy between the experiment and
theory if we use an analytical function, taking into account only the free-free (Bremsstrahlung from
hydrogen-like plasma) and free-bound (recombination) contribution to the optically thin radiation
energy density rate neglecting the bound-bound radiation contribution. The FLYCHK code considers all
three contributions. The radiation transport module uses two extra differential equations to the main
MHD equation set, using the grey approximation in which all radiative quantities, including the
opacities, are integrated over all frequencies. All the scattering phenomena are included at the
constants ag, kp and kgr, which are the radiation constants, Planck mean opacity and Rosseland mean
opacity respectively. The two opacities are calculated using an exponential fit, appropriate for tungsten
plasma, providing a good approximation for any plasma temperature. The radiation transport module
plays a key role to the plasma energy spatiotemporal distribution and provides a proper dynamic
plasma evolution according to the experimental results, preventing the unnatural temperature rise as
presented at chapter 5.

Due to the wide value range of the primitive physical variables and the coexistence of different
material phases, piece wise and tabulated data functions have been used. The novelty of this approach
is the flexibility of the numerical work. It could be applied to any plasma material presenting in most
cases more than one approaches for the initial condition and execution scheme. It provides functional
and tabulated options for the main physical dissipative terms like electrical resistivity, thermal
conductivity and viscosity. These terms are introduced by piece-wise fittings from the solid phase
density and temperature of 0.1 eV till temperatures of hundreds (or more) of eV and densities from
the dense/overdense matter ~10%gr/cm? to the very dilute region of ~10™'gr/cm?. The classical theory
of the Coulomb logarithm is not valid at the dense matter region for low temperatures (WDM)
presenting non-physical values. Introducing the Born approximation, we overcome this discrepancy
and we achieve the anticipated experimental and literature behavior for the dissipative terms
functions, without needing a lower cut-off value of the classical Coulomb logarithm formula. This is
valid both in electrical and thermal conductivity piece wise formulas. It can be also used to the piece
wise viscosity formulas improving even further the Braginskii and MD based formulas behavior at the
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WDM regime. All these alternatives, equations, functions and tabular data are compatible and have
been or could be implemented in PLUTO, upgrading the capabilities of the original astrophysical code,
making it suitable for any plasma state and geometry from the astrophysical to the laboratory
configurations.

The second part analyzes and evaluates the appropriate numerical scheme. The appropriate
boundaries conditions are crucial for the spatiotemporal computational behavior till the end of the
simulation time, especially when the magnetic field is involved. The magnetic field initial topology and
the correct updating along the simulation run are amongst the most important things for the dynamic
plasma evolution, pinching procedures and the interplay between thermal and magnetic pressure. The
magnetic field topology is seeded at the very first moment of the simulations for PLUTO code,
satisfying the Ampere's law and the Stokes theorem along the execution run for the whole volumetric
computational territory, correlating the magnetic induction with the current density, updating the
induction magnitude along time accordingly with the temporal sinusoidal form of the experimental
current. This is a novel computational procedure, aiming for the appropriate physical spatiotemporal
magnetic field diffusion, pinching effect and expansion. It is validated for a single Z-pinch wire and an
X-pinch two wire configuration at Chapter 5 with very promising results.

A novel technique for the initial condition topology of all the physics variables, including the
magnetic field, of any plasma configuration i.e. Z-pinch, X-pinch and Z-pinch array is used. This is due
to the mathematical and physical modeling using the Local to Global coordinate system and vise versa
physics variable correlation, employing the displacement and rotation matrices. This approach has the
advantage of producing any displaced wire geometry like the "cold" start model where the tangent
metal wires are not yet merged at the initial conditions, providing a useful mathematical tool for a
more detailed and physically correct initial condition modeling. The preliminary results from the X-
pinch tangent wires with the GORGON code and the Z-array with PLUTO are very promising and
insightful according to the initial stages of the plasma evolution i.e. at the "cold" start of two tungsten
wires and their matching with the experimental description or the angular momentum plasma
transfer, from the X-pinch crosspoint area to the formed jets which could be scale associated even
with Young Stellar Objects (YSOs) similar formation mechanisms from the accretion disk to the plasma
jets.

At the third part the simulation results and evaluations for the Z-pinch and X-pinch configurations
are discussed and analyzed, for PLUTO and GORGON codes. The activation and deactivation of the
radiation transport module, of PLUTO, is investigated for a single Z-pinch plasma tungsten
configuration. The inclusion of the radiation transport is significant for the spatiotemporal evolution of
electron density, pressure and temperature to be consistent with literature results. The inclusion of a
passive scalar function for the multimaterial approximation identifying the transition zone presents a
smoother behavior at the tungsten plasma-plasma vacuum air interface, avoiding deformations,
allowing for smaller computational boxes.

These new capabilities of the MHD code PLUTO are also tested via the experimental comparison for
the investigation of laboratory magnetically compressed plasmas of X-pinch experiments which were
carried out using Tungsten wires of 5 um diameter, set at an angle of 100°. The jet formation and its
spatiotemporal dynamics are clearly described, while the physics involved including the neck, the
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plasma electrodes formation as well as the “zippering” effect are identified, in respect to the concept
of the global and local magnetic fields. The results are in good agreement with the experiments as well
as with similar research works in the literature. Our studies substantially contribute to the
understanding of the interplay mechanisms associated to the generation of the supersonic plasma jet
formation, enlightening the critical role of the JxB force and of the momentum transfer dynamics.

In this thesis, GORGON and PLUTO, are used to simulate the evolution of laboratory magnetically
compressed plasma, driven by a X-pinch pulsed power generator, and describe its key dynamic
features. The developed MHD models focus on the simulation of a reliable description of the spatio-
temporal dynamic evolution of the plasma density and the magnetic field magnitude of a X-pinch
configuration . Even though GORGON and PLUTO codes are built on different approximation schemes,
both codes manage to accurately handle the numerical demands of the X-pinch plasma evolution
physics and provide precise details on the mechanisms of the plasma expansion, the mass-transport,
the jet-formation, and the pinch generation. In addition, the method of the time-depended forced
current value adopted in PLUTO has been proven to provide accurate results as demonstrated by the
comparison with the GORGON simulations. Without loss of the generality of the numerical
approximation, the Riemann solver of PLUTO is deactivated in the vacuum region, providing a more
flexible numerical tool, avoiding the numerical discrepancies of the vacuum region. Although the
general aspects in relation to the plasma evolution have been well recognized from both codes, the
various physical models, which are implemented to capture the non-ideal effects are crucial and result
to remarkable differences. Comparing the results of both codes for the magnetic field the agreement is
satisfactory since a similar morphology and topological distribution is observed. The jet’s length and
width are almost identical for both simulations, but a denser jet formation is observed in GORGON,
since more mass is transferred to the jet axis due to the higher mass ablation rate of the wires legs.
Flaring structures are developed in GORGON while a uniform plasma expansion is simulated using the
radiation transport model of PLUTO. High temperature values are observed in the cross-point area for
both codes. An isolated island of plasma is also generated at the center of the cross-point by both
codes. At later times, PLUTO simulates the formation of two denser central spots, which further evolve
to the formation of hot-spot, while a dense plasma neck which breaks on the hot-spot formation
position due to the intense pinching effect is formed in GORGON. Five models are developed in PLUTO
in order to evaluate the influence of the electrical resistivity, radiation transport and optically thin
losses on the spatio-temporal plasma evolution. The radiation transport module is proven to be
significant for the energy exchange, providing a perturbation profile with low growth rates along time,
reducing the plasma temperature and the radial expansion rate compared to the models which only
consider the optically thin losses. The optically thin losses module results to a more diffusive spatio-
temporal behaviour regardless the resistivity implementation scheme, since high amplitude density
perturbations along the wire’s corona-vacuum interface are developed with higher temperature
distribution. This detailed numerical study is important for the studies of laboratory jets formation
using X-pinches and for the seeding mechanisms of plasma instabilities and their subsequent growth
rate evolution. The identification of the basic parameters and their weight of influence on the dynamic
expansion of plasma provides valuable information to the modelling scenarios, especially when the
solid to plasma phase transition is simulated and the proper seeding is demanded.
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This thesis also presents a promising laboratory scalability estimation for specific X-pinch jet's
parameters. It contributes to the estimation of the scalability factors and all the relevant numbers and
parameters for a low current X-pinch tungsten plasma configuration. The average Mach number of ~10
, demonstrates that the jets discussed in this thesis show a potential scalability to Astrophysics. It is in
the range value of the YSO jets and HH objects. The dimensionless numbers that refer to global
properties of the jets are presented and discussed. The scaling is very close to the ones of other
laboratory devises with similar current and magnetic field initial values.

Introduction to PLUTO the EOS and Z.# of other metal materials like copper, aluminum and
molybdenum is a right away task. This way we will expand the usability of the code to all our
laboratory experiments. We will also be able to simulate X-pinch and Z-pinch plasmas using both
GORGON and PLUTO, compare and evaluate the MHD schemes, since the former has already
embodied all these materials. Multiple cable Z-pinch and X-pinch devises can be simulated with both
codes providing better laboratory and simulation environments for astrophysical studies. Also the
inclusion of proper viscous terms, "cold" start initial conditions, transferring angular momentum from
the crosspoint area to the plasma jets, interaction of the main plasma jet with the plasma vacuum and
thorough study of the simulation till the current peak, are goals for the future work, hoping for further
conclusions of the underlying formation mechanisms and potential connections to astrophysical
phenomena.
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