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Abstract. Discharge-produced plasma (DPP) devices have been pro-
posed as a light source for EUV lithography. A key challenge for DPP is
achieving sufficient brightness to support the throughput requirements of
exposure tools for high-volume manufacturing lithography. To simulate
the environment of the EUV source and optimize the output of the
source, an integrated model is being developed to describe the hydro-
dynamic and optical processes that occur in DPP devices. The model
includes both plasma evolution and magnetohydrodynamic processes as
well as detailed photon radiation transport. The total variation diminish-
ing scheme in the Lax-Friedrich formulation for the description of mag-
netic compression and diffusion in a cylindrical geometry is used. Sev-
eral models are being developed for opacity calculations: a collisional
radiation equilibrium model, a self-consistent field model with Auger pro-
cesses, and a nonstationary kinetic model. Radiation transport for both
continuum and lines with detailed spectral profiles are taken into ac-
count. The developed models are integrated into the HEIGHTS-EUV
computer simulation package. Preliminary results of a numerical simula-
tion of xenon gas hydrodynamics and EUV radiation output are pre-
sented for various plasma conditions. © 2004 Society of Photo-Optical Instru-
mentation Engineers. [DOI: 10.1117/1.1631445]

Subject terms: Discharge-produced plasma; HEIGHTS-EUV; magnetohydrody-
namics; radiation transport; numerical simulation.
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1 Introduction

This paper presents an integrated model that is being de
oped to describe the hydrodynamics and optical proce
that occur in discharge-produced plasma~DPP! devices.
The model will eventually address three main subjec
plasma evolution and magnetohydrodynamic~MHD! pro-
cesses, detailed photon radiation transport, and interac
between plasma/radiation and material. Regions with
fering propagation speeds of perturbation require accu
numerical solutions of the MHD equations. The total var
tion diminishing ~TVD! scheme in the Lax-Friedrich for
mulation for the description of magnetic compression a
diffusion in a cylindrical multidimensional geometry is th
most suitable and is used in our model. Several models
being developed and can be used to calculate opacity d
a collisional radiation equilibrium~CRE! model, which is a
self-consistent model that takes into account Auger p
cesses, and a nonstationary kinetic model that depend
the complexity of the problem and the availability of com
puter time. Radiation transport for both continuum a
lines with detailed spectral profiles are being taken i
account. The developed models are integrated into
HEIGHTS-EUV computer simulation package. The pac
age can also be used to study the hydrodynamics and ra
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tion of two-gas mixtures in dense plasma focus~DPF! de-
vices in the presence of impurities and erosion produ
that can affect radiation output.

The goal of this paper is to provide our initial simulatio
of MHD and optical processes that occur in DPP devices
standard Mather-type electrode construction. Such a de
is schematically shown in Fig. 1. The electrodes are sho
in dark color and are of equal height. The device is filled
xenon gas under an initial pressure in the range of sev
tens of mtorr at room temperature, corresponding to an
tial density of the gas in the range of 1014 to 1015 cm23. It
is also assumed that a preionization step that heats the
to a temperature of'1 eV occurs near the bottom of th
device.

2 Mathematical Model

We solve the general set of three-dimensional~3-D! resis-
tive conservative MHD equations1 that contain the descrip
tion of the behavior of conductive flow in the magnet
field due to current displacement triggered by the d
charge. The processes of all magnetic diffusion and ra
tion energy loss are included.

]r

]t
1¹•~rv!50, ~1!
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Hassanein et al.: HEIGHTS initial simulation of discharge produced plasma . . .
Fig. 1 Schematic view of a DPF device.
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and thermal conductivityx5x(eint ,r) functions are calcu-
lated from the equation of state, discussed in the followi

Applying cylindrical symmetry of a plasma focus de
vice, we wrote the general set of MHD Eqs.~1! to ~4! in
axisymmetrical cylindrical geometry (r ,w,z). We neglect
the plasma motion in thew direction and assume that mag
netic field has only one componentBw . Therefore, to sim-
plify the expressions, subscriptw is further omitted from
the magnetic field term.

In coordinate formulation, the general set can be writ
as

]U

]t
1

1

r

]

]r
@rF~U!#1

]P~U!

]r
1

]G~U!

]z
5V, ~6!

where

U5F r
rv r

rvz

etot

B

G ,

F~U!53
rv r

rv rv r

rvzv r

v r~etot1ptot!2
c2hB

16p2r F ]

]r
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]T
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0
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0

0
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c2h

4pr

]rB

]r
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0

Qrad
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]t
1¹•Fv~etot1ptot!2

1

4p
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c2h

16p2 ~¹3B!3B

2x¹T2SradG50, ~3!

]B

]t
1¹•~vB2Bv!1

c2

4p
¹3~h¹3B!50. ~4!

Equations~1! to ~4! represent, in Gaussian units, the co
servation of mass, momentum, energy, and magnetic fl
respectively. The plasma is described by the conserva
variables of mass densityr, momentum densityrv, total
energy densitye, and magnetic fieldB. In the rest of the
paper, the magnetic permeabilitym is assumed to be 1
Total energy density is determined as a sum of intern
kinetic, and magnetic energy densities, whereas the p
sure term is separated into hydrodynamic and magn
parts:

etot5eh1
B2

8p
5eint1

rv2

2
1

B2

8p
,

~5!

ptot5ph1
B2

8p
.

To complete this full system of MHD equations, thermod
namic pressureph5ph(eint ,r), resistivity h5h(eint ,r),
131J. Microlith., Microfab., Microsyst., Vol. 3 No. 1, January 2004
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Hassanein et al.: HEIGHTS initial simulation of discharge produced plasma . . .
and the solution ofU entirely defines the state of the sy
tem.

The conservative form of the initial equations allows t
use of the TVD method in Lax-Friederich formulatio
~TVD-LF! for the numerical solution of the system.1 A
second-order TVD-LF scheme can be applied to the sys
of conservation laws that does not use either a Riem
solver or the characteristic wave solution. Matrix formalis
enables us to change the governing equations@Eqs. ~6!#
without significantly modifying the method. For exampl
to calculate a two-gas mixture approximation, it is nec
sary to add the second continuity equation and extend
elements of matrixes to six terms.

To calculate the radiation heat flux, the radiation tra
port equation2,3 ~RTE!, which presents the energy conse
vation law for the total radiative intensitySmust be solved.
In this paper, we utilized the discrete-ordinates meth
which varies the radiative intensity along specifi
directions.4 The RTE is thus solved for a set of discre
directions that span the total spherical solid angle of 4p.

At each point of the MHD zone, local temperatureT, the
Plank functionI P , and optical coefficientskemi andkabsof
emission and absorption of the photon with energyE define
the specific intensity of radiation. In the case of axisymm
ric cylindrical coordinates (r ,z), the RTE for intensityI E
can be written along the directions as

dI E

ds
5sinuS m

]I

]r
1

12m2

r

]I E

]m D1cosu
]I E

]z

5kemiI P2kabsI E . ~8!

Here,u is the angle between the direction of the rays and
the z axis; w is the angle between the projection of th
direction s to the plane, perpendicular toz, and normal to
the cylindrical surface; andm5cosw. The intensity in di-
rections is calculated by integration over all of the photo
frequencies. Net fluxSrad is obtained by integrating over a
of the angles:

Srad5E F E
0

2p

dwE
0

p

I E~u,w!cosu sinu duG dE. ~9!

The radiation energy loss in each cell is then found fr
Qrad5¹•Srad. Essentially, this method is the result of fini
differencing of the directional dependence of the RTE.
tegrals over solid angles are approximated by numer
quadrature, the choice of which defines the directions of
RTE. The solution is carried out simultaneously with t
solution of energy balance to provide the distribution of t
local energy source, temperature, and density profile.

The calculation of thermodynamic and optical plasm
characteristics is performed in several steps, which are
scribed in more detail in the section on atomic and opaci
data.

3 Boundary Conditions

To simulate various possible effects that occur in
boundaries of the EUV source, we considered several m
ods of stating these effects in the form of boundary con
tions. In simplified form, one can subdivide these con
132 J. Microlith., Microfab., Microsyst., Vol. 3 No. 1, January 2004
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tions into two major parts. A hydrodynamic part includ
the conditions applied to hydrodynamic flow in the area
near the boundaries. Magnetic field conditions manage
behavior of the current and the magnetic field near the s
faces of the device. In the following discussion, we re
the reader to Fig. 1.

The hydrodynamic boundary conditions are

1. Rigid wall boundary: Fnub50, whereFn is normal to
the boundary component of hydrodynamic flux. Su
a condition is applied at the cathode and anode s
facesuGFu, uGHu, uHEu, anduCDu to set up the absenc
of flow passing through the boundary.

2. Z-axis symmetry:rv0
r 52rv1

r , rv21
r 52rv2

r . A
mirror-like condition is stated inuOAu that there is no
radial hydrodynamic flow on theZ axis.

The magnetic field initial and boundary conditions are

1. Driving magnetic field:This is applied inuEDu as B
5(2I )/(cr), where I is the total current of the de
vice, r is the upper radius, andc is the speed of light.

2. Conducting solid wall without surface curren
](rB)/]r 50. This condition states that the current
concentrated at the surface of a conductor and is
plied at the surface of the cathodeuCDu and the inter-
nal surface of the anodeuGFu.

3. Ideal conducting wall, total current flows at the su
face: B50. As before, this condition states that tot
current is concentrated at the external surface of
conductor, and is applied on the external surface
the anodeuHEu.

4. Z-axis symmetry: Bur 5050, B05B1 , B215B2 . The
symmetry of the domain defines the symmetry of t
magnetic field.

4 Atomic and Opacities Data

The results of theoretical approximations of atomic d
strongly depend on the chosen theoretical models,5–7 and,
this is particularly true for high-Z materials. The atomic
energy levels and radiative transition probabilities are u
ally calculated by modified simplifications of the Hartre
Fock ~HF! method rather than by the pure HF method. O
of the most widely used simplifications, suggested
Slater,8 is known as the method of Hartree-Fock-Sla
~HFS!. The energy levels in HFS are calculated for t
whole configurations, i.e., just one atomic level corr
sponds to each pair of quantum numbers~n,l!, neglecting
the LS splitting of nonfilled shells.

The problem is, in fact, that such shells may contain
large number of terms and levels. For example, to acco
for splitting each term into levels with momentumJ, thed5

shell contains 16 terms and 37 levels and thef 7 shell cor-
respondingly contains 119 terms and 327 levels. In H
approximation, the transition 4dq to 4dq214 f will have just
one strong line, but splitting the level will replace it int
several hundreds weak lines. Knowing that transiti
strength is left unchanged, the radiation in strong lines m
be collapsed for dense plasma, whereas the radiatio
weak lines stays optically transparent. In cases when
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temperature of xenon plasma reaches 20 to 30 eV and
sities are in the range of 1017 to 1018 cm23, most radiation
would be concentrated in lines, and so, line splitting m
dramatically influence the total hydrodynamic behavior
plasma through a radiation transport mechanism. This
fluence is discussed later, where Fig. 2 presents the ca
lated absorption coefficient with and without line splittin

Another problem is that in ions with intermediate a
high atomic numbers, some inner levels may have ener
comparable to the ionization potential and the transitio
from inner shells cannot be neglected. For example, in
situation of xenon plasma, where the major radiating wa
length region of interest is close to 13 nm, transitions fro
outer shells to 4dq to 4dq215p must be considered with
transitions from the inner shells, say 4p64dq to 4p54dq11

and 4dq to 4dq214 f . Simplified methods may contai
semiempirical information of atomic energy levels. Desp
the fact that, for light elements, such tabulated informat
is sufficiently complete, for intermediate and high-Z ele-
ments it is usually incomplete.9

Generally, to accurately describe the atomic energy l
els in xenon and other intermediate atoms, self-consis
Dirac-Fock or HF with relativistic corrections must be a
plied when the transition is calculated as the difference
total energies between levels. In practice, this proced
might be computationally intensive.

To calculate the structure of the atomic energy lev
and the transition probabilities, the following procedu
was applied by means of the HFS method, which gives
radial wave function for each shell of the atom. The o
tained wave functions were used to calculate relativis
corrections, transition wavelengths, as well as dipole tr
sitions from ground state to the highly excited state~prin-
cipal quantum number may reach up to 10! allowed by the
selection rules. Discrete transitions from inner shells w
also taken into account, with energies limited to the va
dependent on ionization potential. Photoionization cr
sections were found for all inner and excited states. Det
of these computations can be found elsewhere.5,10This pro-
cedure was repeated for the total ionization of the atom
question. The procedure of detailed accounting for sp
orbit splitting of nonfilled shells by using Slater integra
Fk, Gk, and constants of spin-orbit splittingjk is imple-
mented as given by Ref. 10.

It is known and has been thoroughly examined in seve
studies,6,7 that radiative emission and transport plays a k
role in the dynamics and energy balance of laborat
plasma. Recently, several studies11,12have shown that high
temperature, moderate-density plasma is not in local t
modynamic equilibrium and the radiative properties
plasmas that are optically thick to line radiation are n
well-described by either ‘‘coronal’’ or Saha-Bolzman
models.

Normally, in the case of intermediate temperatures a
densities, when collisional processes are still signific
but, at the same time, radiative effects become apparent
cannot be negligible, it is necessary to solve the system
kinetic equations self-consistently with the radiation fie
The model in self-consistent formulation takes into acco
nonlocal processes of photoexcitation and photoionizat
and so, significantly complicates the computations. T
problem becomes particularly difficult for high-Z plasma,
-

-

s

t

l

-

d
f

,

because in evaluating the influence of external photons,
necessary to account for a very large number of ionizat
and excitation levels.

This paper utilizes the description of atomic populati
levels by a CRE formulation, which is equally applicable
the limited cases of temperature and intermedia
temperature interval, because it includes, both collisio
and radiative effects. The fact that the CRE model cons
ers the transitions between all atomic levels is of particu
importance. Nonlocal effects are accounted for by an
cape factor approximation,13 which neglects photoexcita
tion in continuum and reduces the strength of spontane
transitions. Such an approximation is a fair description
the plasma behavior under conditions when an exte
source of hard radiation is absent.

The calculation of plasma ionization state and popu
tion levelsn for a prescribed set of temperatures and d
sities is accomplished by solving the system of kine
equations

dni

dt
52ni(

j Þ i
Ki j 1(

iÞ j
njK ji . ~10!

Collisional electron excitation and deexcitation, collision
electron ionization, three-body recombination, spontane
transition, photo- and dielectronic recombination are
cluded in the calculation of the total rates of electron tra
sition Ki j from level i to level j. Ion and electron concen
trationsNi and Ne are defined from known population o
levels for a given temperature and substituted into a se
equations of state. Generally, a two-temperature appr
mation for pressurep contains the corresponding terms f
kinetic energy of ions and electrons. The equation for
ternal energyeint contains the terms for ionization and e
citation of electrons:

P5kTi(
i

Ni1kTeNe ,

~11!

eint5
3kTeNe

2r
1

3kTi( iNi

2r
1

1

r (
i

NiF S (
i 21

I i D
1(

j

« j i Nji

Ni
G .

In our approximation, electron and ion temperatures are
equal, asTe5Ti5T.

Reciprocal to the resistivityh, the electrical conductivity
s is found as the sum of scattering cross sectionssc andsn
on charged and neutral particles:

h5
1

s
5

1

sc
1

1

sn
, sc5

4&

pAp

~kTe!
3/2b

e2ZL
,

sn5
3

2 S 2

p D 1/2 Nee
2

~mekTe!
1/2N0s0

. ~12!
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Fig. 2 Absorption of Xe plasma at temperature of 30 eV, density 1016 cm23 with line splitting (right) and without splitting (left).
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Here, we use standard notation for Coulomb logL, concen-
tration of neutral atomN0 , and mean ion chargeZ. Empiri-
cal values of transport cross sectionss0 are taken from Ref.
14.

Thermal conduction may be an important mechanism
energy redistribution in plasma in certain temperature
gions until radiation becomes the dominating proces15

Such a region is usually a weakly heated area with a
level of ionization, and consequently, with a low rate
collisional excitation. Depending on the temperature of
region, various effects may take place, and each may c
tribute its own part to the total energy balance. In a co
weakly ionized gas, the classical approximation of disp
sion of elastic spheres is the main energy redistribut
mechanism, and the thermal conductivityxel depends on
the average thermal velocity of the atom, and is prop
tional toAT. When temperature increases, dissociation
comes more important. When a molecule moves, the t
perature on its path is changing and the concentration
molecules and neutral atoms is varying, and transferr
energy equivalent to the value of the dissociation poten
Diffusion of neutral atoms to the weakly ionized plasm
leads to energy transfer known as ambipolar diffusion.
intermediate levels of ionization, such neutral atoms wo
also ionize plasma and transfer energy. When the ioniza
level becomes significant, electron-ion dispersion do
nates over other processes. We use all mentioned effec
our computation of thermal conductivity, except the proc
of ion-ion dispersion because so-called ‘‘radiative therm
conduction’’ is considered explicitly in the form of radia
tion transfer.

The electronic transitions and their accompanying
sorption and emission of photons are subdivided into th
types: bremsstrahlung; photoionization from ground,
cited, and inner levels; and discrete transitions. The la
are approximated in the form of dipole transitions and
clude transitions between ground and excited states, tra
tions between excited states, and partly, the transitions f
inner shells. Because of its importance, the profiles of sp
tral lines is processed very carefully by means of all ma
broadening mechanisms such as radiation, Stark, Dop
and resonance broadening.16
134 J. Microlith., Microfab., Microsyst., Vol. 3 No. 1, January 2004
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The total absorption coefficientkabs is calculated as a
sum of absorption coefficients for, free-freek ff , bound-free
kbf , and bound-boundkbb radiation transitions, weighted to
the value of the population levels:

k ff~T,r,\v!5(
i

s i~T,\v!Ni~T,r!Ne~T,r!

3@12exp~2\v/kT!#,

kbf~T,r,\v!5(
i

(
j

s i j ~\v!Ni j ~T,r!, ~13!

kbb~T,r,\v!5(
i

(
j ,k

pe2

mec
f jkF~T,r,v!Ni j ~T,r!.

Knowing the cross sections of inverse processes, we
calculate the total emission coefficientkemi by similar for-
mulas. The values of oscillator strengthsf jk , cross sections
for photoionizations i j , line profileF, and Gaunt factorGi
are explained in details elsewhere.5,10,17

Energy-level splitting produces a very complicated no
monotonic dependence of the absorption coefficient on
frequency of incident photons. The importance of splitti
was already discussed and is demonstrated in Fig. 2
accurately describe the distinctions of the spectrum,
scale absorption frequencies must be detailed. In this st
we first generated 100,000 frequency points that are inc
venient for the practical solution of the multidimension
RTE. In solving the RTE, mean group coefficients are n
mally used when grouping does not have a strict algorit
and is defined by semiautomatic methods. The comple
of the choice of grouping methods is determined by
required accuracy of the computation, the frequency reg
of interest, and the available computer resources. Our s
includes various algorithms of averaging by Planck a
Rosseland and the number of spectral points may vary f
tens to hundreds. A comparison of results calculated w
various averaging methods, enables us to evaluate the
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Fig. 3 Spatial discretization diagram and the system of boundary
conditions.
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DUi , j
r 5minmod~DUi 21/2,j

n ,DUi 11/2,j
n !

5sgn~DUi 21/2,j
n !max$0,min@ uDUi 21/2,j

n u,

sgn~DUi 21/2,j
n !•DUi 11/2,j

n #%. ~15!

The corrector step includes the final limiter functio
F̃ i 11/2,j

LR , which contains predictor data and a maxim
propagation speed of information ci

max5uviu1@vac
2

1(B2/4pr)#1/2, wherev i is gas velocity in thei direction,
andvac stands for the velocity of sound.

F̃ i 11/2,j
LR 5

Dtn

0.5~Dr i1Dr i 11!
ci 11/2,j

LR DUi 11/2,j
LR ,

DUi 11/2,j
LR 5Ui 11/2,j

R 2Ui 11/2,j
L ,

Ui 11/2,j
L 5Ui , j

n11/21
1

2
DUi , j

r ,

Ui 11/2,j
R 5Ui 11,j

n11/22
1

2
DUi 11,j

r . ~16!

The final expression for the TVD solution at then11 time
step is given by

Ui , j
n115Ui , j

n 2
Dtn

r iDr i
~r i 11/2Fi 11/2,j

LR 2r i 21/2Fi 21/2,j
LR !

2
Dtn

Dr i
~Pi 11/2,j

LR 2Pi 21/2,j
LR !2

Dtn

Dzj
~Gi , j 11/2

LR

2Gi , j 21/2
LR !1

1

2
~ F̃ i 11/2,j

LR 2F̃ i 21/2,j
LR !1

1

2
~G̃i , j 11/2

LR

2G̃i , j 21/2
LR !1DtnV i , j . ~17!

Analysis of a TVD-LF scheme shows that the total soluti
of the MHD equations with TVD corrections enables com
ponentwise decomposition. We used this property to ela
rate the method of setting up boundary conditions a
avoiding either introducing coordinate charts or impleme
ing ‘‘fractional’’ mesh cells~Fig. 3!.

The radiation transport part is implemented separa
because it requires significant computational resources.
formal solution of the RTE@Eq. ~8!# is readily written as

I E~s!5I ~0!exp@2t~s,0!#1E
0

s

BE exp@2t~s,s8!#

3kabsrds8, ~18!

which expresses the fact that the intensity at any point
in a given direction is the result of the emission at all a
terior pointss8, reduced by the factor exp@2t(s,s8)# to al-
low for absorption by intervening matter wheret, is the
optical thickness, of the material between pointss ands8.

The values of intensity are calculated in the bounds
the hydrodynamic mesh cells, whereas optical characte
tics, defined by temperature and density, are calculated
sitivity of the calculations to the spectral choice, where
convergence of the radiation flux by the number of grou
estimates the accuracy of the computation.

5 Numerical Method

The HEIGHTS-EUV is subdivided into several major par
~1! the geometrical and configuration parameters;~2! initial
plasma state, hydrodynamic mesh, and plasma parame
stated in the block, which calculates MHD motion of th
plasma;~3! atomic parameters, and~4! radiation transport
parameters. The TVD-LF algorithm, implemented
HEIGHTS-EUV, is a second-order monotonic-upwin
schemes-for-conservation law~MUSCL!. The discrete ap-
proximation is carried out by a central finite-differen
scheme, schematically shown in Fig. 3. The Hancock p
dictor step18 is implemented because it is superior to t
simple Euler transport step:

Ui , j
n11/25Ui

n2
Dtn

2r iDr i
@r i 11/2F~Ui 11/2,j

n !2r i 21/2F~Ui 21/2
n !#

2
Dtn

2Dr i
@P~Ui 11/2,j

n !2P~Ui 21/2,j
n !#

2
Dtn

2Dzi
@G~Ui , j 11/2

n !2G~Ui , j 21/2
n !#1

Dt

2
V i , j .

~14!

The values of U at cell borders Ui 61/2,j
n 5Ui , j

n

6(1/2)DUi , j
r are calculated from the limited difference

DUi , j
r .

The described method for linear approximation of so
tion U and the corresponding fluxes at boundary interfa
achieve second-order accuracy in spatial discretizat
HEIGHTS-EUV may generate limited differences by usi
four types of slope limiters: simple minmod, UMIST
Woodward, and superbee, described in detail by Ref.
Sufficient stable test results were obtained by using
simple minmod limiter:
135J. Microlith., Microfab., Microsyst., Vol. 3 No. 1, January 2004
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Fig. 4 Shock wave pressure from 1.5 M flow around a sphere.
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from the figure that our computation almost exactly repe
the tabulated density distribution along the radial axis. T
second test consisted of resolving the dynamic of o
dimensional Z-pinch, and comparing the results with tho
reported in Ref. 23, in which implementation of seve
MHD schemes related to a pinch problem are reported.
compared our TVD-LF scheme with magnetic field to L
grangian and Eulerian formulations. The results of Z-pin
simulations are presented in Fig. 5. As one can see,
implementation is a satisfactory trade-off between Euler
and Lagrangian schemes. The density curve does not h
the nonphysical oscillations seen in results obtained by
Eulerian method. Despite the fact that HEIGHTS-EU
does not isolate the shock front as the Lagrangian sch
does, our simulation package does not have the difficul
known to the mesh cells, which would inevitably appear
the Lagrangian formulation at the moment of the pinch c
lapse.

Figures 6 and 7 show the preliminary results of a D
discharge as simulated by the HEIGHTS-EUV packa
The results shown are near the moment of plasma pinch
The absolute values of the density and temperature dep
on the detailed physics of the discharge as well as on
electric circuit design and the current profile. The ma
mum radiation is emitted near regions of temperature be
40 eV. Future analysis will study the effect of initial ga
pressure, preionization channels, and electric current pro
on the overall performance and efficiency of the dischar

7 Conclusions

We presented an integrated model that is being develo
to describe the hydrodynamics and optical processes
occur in DPP devices. The model addressed three m
subjects: plasma evolution and MHD processes, deta
photon radiation transport, and interaction between plas
radiation and material. The developed models and num
cal methods are being implemented and integrated in
computer simulation package HEIGHTS-EUV. The pac
age, when completed, will be a tool that can be used
study, optimize, and enhance our understanding of
MHDs and radiation processes in DPP devices and the
sues related to component erosion and lifetime estimat

Fig. 5 Z-pinch at 0.49 s.
mean values in center points of the cells. Integration o
spectral groups is performed to obtain the total flux at c
tral points of hydrodynamic cells, where spectral interv
are given by boundary values. Because the discr
ordinates algorithms allow photon streaming only in p
scribed directions, the low-order quadrature is unable
accurately approximate the scalar flux by integrating o
the angular flux and can exhibit nonphysical oscillatio
because regions lying between the directions are not c
ered by photons emanating from the source. Mesh refi
ment or increased order of angular quadrature may o
mitigate the effect. In a critical situation, when such a r
effect must be eliminated, a set of coupled transport eq
tions, invariant under discrete rotations, may help.19 In our
study, an extremely high order~up to 96! Gaussian quadra
ture is used20 to integrate over anglesw, and u @Eq. ~9!#,
that give a direction of the ray. Plain geometrical constr
tion and the use of cylindrical symmetry enable the co
pling 3-D radiation transport resolution into 2-D MHD
space.

Because of the large number of rays, the computa
rate may escalate to a high level, even if the spatial m
order is not very large. Parallel computers are traditiona
used to speed up an application. The resolution of RTE
implemented as a parallel message passing inter
procedure,21 enabling a gain by simultaneously calculatin
the net fluxesSrad at several spatial points. An unsophis
cated algorithm of load balancing is activated to dynam
cally distribute the amount of work according to the pr
cessor speed that makes possible the utilization
homogeneous as well as heterogeneous clusters of wor
tions.

6 Validation and Benchmarks

To validate the MHD models and benchmarking of t
code, two test problems were solved and compared w
known results. The first test problem is described in de
in Ref. 22, where studies of a supersonic flow aroun
sphere without a surrounding magnetic field are discus
The results reported in Ref. 22 and those numerically c
culated by HEIGHTS-EUV are shown in Fig. 4. We s
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Fig. 6 Temperature and density distribution close to pinching time.

Fig. 7 Radiation flux near pinching time.
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