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High power and particle deposition on target materials are encountered in many applications including magnetic and
inertial fusion devices, nuclear and high energy physics applications, and laser and discharge produced plasma devices.
Surface and structural damage to plasma-facing components due to the frequent loss of plasma confinement remains a
serious problem for the Tokamak reactor concept. The deposited plasma energy causes significant surface erosion,
possibl e structura failure, and frequent plasma contamination.

The chamber walls in inatid fuson energy (IFE) reactors are aso exposed to harsh conditions following each target
implosion. Key issuesinclude intense photon and ion deposition, wall thermal and hydrodynamic evolution, wall erosion and
fetigue lifetime, and chamber clearing and evacuation to ensure desirable conditions prior to next target implosion.

Both Laser and Discharge produced plasma are being used as a light source for extreme ultraviolet (EUV)
lithography. A key challenge for Discharge Produced Plasma (DPP) and laser produced plasma (LPP) devices is
achieving sufficient brightness to support the throughput requirements of High-Volume Manufacturing lithography
exposure tools. An integrated model for the description of hydrodynamics and optical processes in a DPP device has

been deve oped, integrated. And benchmarked.

PACS: 52.59.-f, 29.25.-t, 28.50.-K, 24.10.Nz, 21.60.Ka, 32.80.-t

1. MAGNETIC FUSION APPLICATIONS

Interaction of powerful plasma and particle beams
(power densities up to hundreds of GW/m? and time
duration up to tens of ms) with various materials
significantly damages exposed target surfaces and nearby
components. Investigation of materid erosion and
damage due to intense energy deposition on target
surfaces is essential for many applications. space studies,
protection of the earth’s surface from colliding asteroids
and comets, creation of new sources of radiation, high-
energy physics applications, thermonuclear and inertial
fusion studies, etc. Experimental and theoretica activities
in this field move toward the common goa of achieving a
better understanding of the physics phenomena and
material properties of various plasma/surface interactions
under extreme conditions of high temperature and
pressure. An important application of this understanding
is in future tokamak fusion devices during plasma
interaction with plasma-facing materias (PFMs).

Damage to plasma facing and nearby components as a
result of various plasmaingtabilities that causeloss of plasma
confinement remains a maor obgacle to a successful
tokamak reactor concept. Plasma indabilities can take
various forms, such as hard disruptions, which include both
thermal and current quench (sometimes producing runaway
electrons); edge-locadized modes (ELMs), and verticd
displacement events (VDES). The extent of the damage
depends on the detailed physics of the disrupting plasma, the
physcs of plasmalmateria interactions, and the desgn
configuration of plasmafacing components (PFCs) [1].
Plasma ingabilities such as hard disruptions, ELMs, and
VDEs will cause both surface and bulk damage to plasma
facing and structurd materids. Surface damage includes
high eroson losses attributable to surface vaporization,
spalation, and melt-layer erosion. Bulk damage includes
large temperature increases in structural materials and at the
interfaces between surface coatings and structurd materials.
These large temperature increases can cause high therma
dresses, possble meting and detachment of surface

meaterial, and materia fatigue and failure. Other bulk effects
of some plasma ingdbilities, particularly those of longer
duration, such as VDEs, and those with deeper deposited
energy, such as runaway eectrons, can cause high hest flux
levels at the coolant channels, causing possible burnout of
these tubes [2]. In addition to these effects, the transport and
redeposition of the eroded surface materials to various
locations on plasma facing and nearby components are a
major concern for plasma contamination, safety (dust
inventory hazard), and successful and prolonged plasma
operation after instability events [3]. Figure 1 is a schematic
illugration of the various interaction zones and physics
currently included in the High Energy Interaction with
Gened Heterogeneous Target Systems (HEIGHTS)
simulation package in a sdlf-consstent and integrated way
during plasmaingtability events.

Fig. 1. Schematic illustration of variousinteraction zones
and physics involved during plasma instabilities [ 1]

Seveard key factors can sgnificantly influence the overal
response and erosion lifetime of a PFC as areault of theintense
energy that is depodted during these plasmaingabilities These
factors ae (@) charadterigics of patide-energy flow (i.e,
partide type kingic energy, energy content, depostion time,
and location) from the scrgpe-off-layer (SOL) to the divertor

130

I Problems of Atomic Science and Technology. 2006, Ne 6. Series: Plasma Physics (12), p. 130-134



plate; (b) characterigtics of the vgpor doud that develops from
theinitid phase of energy depostion on target materids and its
turbulent hydrodynamics, (c) generated-phaton radiation and
transport in the vapor doud and nearby regions, and (d)
characterigtics of plasma/sdlid/mdt-layer/debrisinteractions.

The HEIGHTS simulation package has been developed
to sudy in detail the various effects of sudden high-energy
deposition of various sources on target materials [4]. The
devel oped package consists of severd integrated modes that
follow the beginning of a plasmadisruption at the SOL upto
the transport of the eroded debris and splashed target
meaterials as a result of the deposited energy. One modd in
the package, the SOLAS code, explains the plasma behavior
in the SOL during a disruption and predicts the plasma
parameters and conditions at the divertor plate.

To eva uate the magnitude of various damage mechanisms
to plasma facdng and nearby components caused by plasma
indabilities, we have developed full multidimensond
comprenensve radiaion magnetohydrodynamic  (MHD)
modds that use advanced numericd techniques such as
paticlein-cdl (PIC), forward-reverse, and Ray Tracing
methods [4]. These modds, which use such advanced
numericad methods are neaded for a redigic andyss of
diguption conditions and overdl consequences Deailed
physical modds of plasmal/solid-liquid/vapor interaction in a
strong oblique magnetic fidd have dso been developed in a
fully sdf-congstent multidimensonal modd that is coupled
with radiation MHD models.

Factors that influence the lifetime of PFCs such as
loss of vapor-cloud confinement and vapor remova due
to MHD instabilities, damage to nearby components from
intense vapor radiation, melt splashing, and hrittle
destruction/explosive erosion of target materials, can also
be modeled in detail [1]. The HEIGHTS package being
used for reactor design estimatesis validated against well-
diagnosed experiments in disruption simulation facilities
[5]. A mgjor part of the current work focuses on modeling
the behavior and erosion of a metallic surface with a
liquid layer, subject to variousinternal and external forces
during the energy deposition phase, as on the explosive
erosion, and on the characteristics of brittle-destruction
erosion of carbon-based materiads (CBMs). Although in
generd, good agreement is found for many of the cases
studied, discrepandes il exis and must to beresolved.

Accurate prediction of mass losses requires full
descriptions of evolving media above the target surface that
consgt of a mixture of vgpor and macroscopic particles
(MPs) moving toward the disrupting plasma Photon
radiation from the upper hot region of the vapor will then be
absorbed by both divertor surface and the surface of the
gected MPs. This leads to further surface vaporization of
divertor and MP surfaces. In such a mixture, additiond
screening of the target surface by the MP cloud can occur.
This could lead to a significantly reduced power flux to the
surface due to "droplet shidding," which is andogous to the
vapor shidding effect [1]. In a wdl-confined vapor cloud,
the flight lifetime of MPsin the vapor is short, and complete
burning of the emitted MPs occurs. This droplet shielding
effect can lead to further reduction of thetotal erosion loss

To corredly predict macroscopic eroson, a four-moving-
boundaries problem is solved in HEIGHTS. The front of the
vapor doud is one moving boundary, determined by solving
vapor hydrodynamic equations. The sacond moving boundary,

due to surface vaporization of the target, is caculated from
target thermodynamics. A third moving boundary, behind the
surface veporization front, is due to the mdt-splashing front.
Findly, the fourth moving boundary is a the liquid/sdid
interface; it further determines the new thickness of the mdt
layer. The SPLASH code (part of the HEIGHTS package)
cd culates mass | asses by using the splashing-wave concept asa
result of each eroson-causng mechanism [1]. Thus totd
eroson is cdculaed from the sum of dl posible eroson
mechanisms. An oveadl prediction of erosion lifeime of PFCs
would then indude surface vgparizaion, macroscopic erosion
from liquid-metad splashing and hrittle destruction of CBMs
and erason damage to nearby components from intense vapor
radiation and depostion.

In future tokamak devices, ~10...200 MJIm? will be
deposited on the divertor plates during the disruption thermal
quench, atime of the order of 0.1...10 ms. These corresponds
to a hest fluxes >10 GW-m? Figure 2 shows a typicd time
evolution of a tungsten surface temperaure, mdt-layer
thickness, and vaporization losses during a disruption for an
incident plasma energy of 100 MJIm?2 deposited in 1 ms, as
predicted by the HEIGHTS package [1]. An initid magnetic
fidd grength of 5 T with an inddent angle of 2-6° is used in
these calculations The sharp initid risein surface temperature
is due to the direct energy deposition of incident plasma
particles at the materid's surface The subsequent decrease in
the surface temperature was caused by the reduction in
absorbed hesat flux due to vapor shielding and conduction of
heet into the materid. The subsequent behavior is mainly
detemined by the energy flux from the emitted photon
radiation in the vapor cloud, as discussad above, and by vapor-
electron heat conduction. The overdl materia eroson from
vaporization is reduced by about two orders of magnitude due
to the vapor shidding effect. However, mdt layer splashing
and erodon can be sgnificant [1].
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Fig.2. Timeevolution of tungsten surface temperature,
melting thickness and vaporization losses
during a disruption

2. INERTIAL FUSION APPLICATIONS

In inertial fusion systems, the power to the first wall
resulting from X-rays, neutrons, energetic particles, and
photon radiation is high enough to cause damage and
dynamicaly affect the ability to reestablish chamber
conditions prior to the next target implosion. In the case
of a dry-wall protection scheme, the resulting target
debris will interact and affect the surface wall materialsin
different ways. This can result in the emission of atomic
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(vaporization) and macroscopic particles (i.e., liquid
droplets or carbon flakes), thereby limiting the lifetime of
the wall. The mass loss in the form of macroscopic
particles can be much larger than mass loss due to surface
vaporization and has not been properly considered in past
studies as part of the overal cavity response and re-
establishment. This could significantly ater cavity
dynamics and power requirements.

Figure 3 shows a schematic illustration of IFE cavity
chamber and debriswall interaction processes during the
micro-exploson. The overdl objective of this work is to
creste a fully integraled mode within the frame of
HEIGHTS software package to study chamber dynamic
behavior after target implosion. This modd and package,
HEIGHTSIFE, includes cavity gas hydrodynamics, the
particle/radiation interaction, the effects of various hesat
sources (eg., direct particle and debris depostion, gas
conduction, convection, and photon radiation), chamber wall
response and lifetime, and the cavity clearing. The modd
emphasizes the rdaively long-time phenomena following
the target imploson up to the chamber clearing in
preparation for the next target injection. It takesinto account
both micro- and macroscopic particles (mechanisms of
generetion, dynamics, vaporization, condensation, and
deposition due to various heat sources: direct laser/particle
beam, debris and target conduction, convection, and
radiation). These processes are detrimental and of significant
importance to the success of |FE reactors[6,7].
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Fig. 3. Schematic illustration of IFE cavity chamber and
debris-wall interaction

The hydrodynamic response of gasfilled cavities and
photon radiation transport of the deposited energy have dso
been caculated in detail by means of new and advanced
numerica techniques [8]. In addition, fragmentation modds
of liquid jets as a result of the deposited energy have been
developed, and the impact on chamber clearing dynamics
has been evaduated [9]. As an example, the surface
temperature of the tungsten wall materia is presented in
Fig. 4. This caculation is for a bare-wall concept with no
protection and shows the time evolution of the wall thermad
response in both time and depth due to the sequence of
different incident species[10]. Gasfilled cavity does reduce
the wall temperature depending on the amount of gas
pressure. However, the gas does not cool down to acceptable
temperature prior to the next target implosion. Thin liquid-
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metal layers adso protect the dructure from sgnificant
eroson but the concern is to re-establish the cavity chamber
conditions prior to the next target implosion.
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Fig. 4. Temperature rise dueto laser, X-ray, and ion
depositions[10]

3. ADVANCED LITHOGRAPHY
APPLICATIONS

Both Laser and Discharge produced plasmaare being used
asalight sourcefor extreme ultraviolet (EUV) lithography. A
key chdlenge for Discharge Produced Plasma (DPP) devices
is achieving sufficient brightness to support the throughput
requirements of High-Vdume Manufacturing lithography
exposure tods. One method for improving source brightness
is to smulate the source environment in order to optimize the
EUV output. An integrated mode for the description of
hydrodynamics and optica processes in a DPP device has
been developed and integrated into the HEIGHTS-EUV
computer simulation package. Moded deve opment consisted
of three main tasks plasma evdution and MHD processes;
detailed photon radiation trangport, and physcs of
plasma/dectrode interactions in DPP devices. Plasma flows
have multidimensonal character in pinch systems Advanced
numericd methods for the desxription of magnetic
compression and diffuson in a cylindrica geometry are used
in the HEIGHTS package The package can dso sudy
detailed hydrodynamic and radiation processesin variouslaser
produced plasma (LPP) devices as a function of laser energy,
wavelength, and dimensons to optimize brightness
throughput. For the opacity cdculaions severd modds have
been developed and implemented. Radiation trangport of bath
continuum and lines is taken into account with detailed
spectrd  profiles in the EUV region. A multi-group
approximation of opacities with detail resolution of severa
thousand strong spectra lines is used. Radiation transport is
solved using two different methods i.e, by direct integration
of the trangport equation and by 3-D Monte Carlo techniques
Discharges usng Xenon and Tin gasses are smulated and
compared. Response of dectrode materids in DPP devices to
plasma paticles and radiation interactions are aso sudied.
The HEIGHTSEUV package can be used to optimize
brightnessthroughput in both DPP and L PP devices.

The results of simulation a DPP device depend on the
detailled physics of the discharge, the geometrica design
features of the device, the dectric circuit design, the initia
parameters in the chamber, and the current profile. The pinch
size, duration, and place are the most criticd parameters for



the callection of the radiation output and the common trend
is to obtain the smaller and brighter pinch. The discharge
dynamics of a typica xenon-driven dense plasma focus
device is shown in Fig. 5. Soon after the current circuit is
triggered, the formation of the pinch starts by the plasma arcs
moving toward the axis of symmetry of the device (aand b
in Fig. 5). Once the arcs have touched each other, the pinch
isformed (c), which isfollowed by the pinch decay (d).
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Fig. 5. Dynamics of a typical dense plasma focus pinch
discharge: (a) initiation, (b) pinch formation,
(c) pinch time, and (d) pinch decay
An ided source of the EUV in-band radiation is a small

aufficiently dense spherica object heated to a specified
temperature. The emissvity of plasma within a certain
waveength range is materid dependent and identification of
the most gppropriate materia composition for the maximal
in-band radiation condtitutes the first part of a challenging
problem. The mgor difficulty of the task is the emission of
radiation within a wide range of wavelengths from plasmas.
This difficulty is dictated by EUVL technology applications
operating in a narow range, which conssts, for candidate
EUV radiators; lithium, xenon, or tin materials around 1-3
percent of the total radiation emisson spectrum. This places
aheavy burden in the accuracy and fiddlity of the simulation.
We have caried out the smulation of a tin planar target
subject to a lasar pulse with typicd EUV lithography
parameters, energy pulse and duration. The smulation result
of plasma parameters shows that thein-band emitting region is
a very thin layer between the regions with high temperature
and low densty, and low temperature and high densty.
Increasing the thickness of the in-band emitting region is the
second part of the task toward the larger converson efficiency
of alasar-produced plasma configuration. We have verified by
our amulations that this thickness is materid-dependent. For
example, lithium is a vey active EUV emitter; however,
produces avery thin layer. Laser radiation is actively absorbed
by the lithium target surface and quickly overheats the
materid, because the lithium atomic structure has only three
electrons. Oncethelithium materid isfully ionized and heated
to around 1 eV, it becomes trangparent to the remaining laser
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Fig. 6. Temperature, density and velocity of thetin
plasma formed from three-laser beam assembly on a
tindroplet. Threelasers case: energy of laser pulse

45 mJ, wavelength 1064 nm, g = 30°

enegy. By choosing an axid angle 6 between the three laser
beams, the laser-formed plasma jet would be effectivdy
confined dong the radial direction. To verify our suggestion,
we have provided full 3-D smulation of the three-beam LPP
assembly subject to atin droplet target. The totd energy pulse
was digributed equaly beween the lasars fired
smultaneoudy on the target. Results of the smulation are
presented in Fig. 6. The converson efficiency of the new
device was increased to 11%, which is a significant increase
for EUV applicaions consdering that rdaively minor
increases (50...70% more than CE ~ 2.5%) are obtained with
great effort. Additiond dudies are required to optimize the
assembly accounting for various energy digtributions, non-
equd timing of the device, mutud locations of the laser
beams, varioustarget desgns and many other issues
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CONCLUSIONS

The experience gained from the use of HEIGHTS
package, which contains unique models and physics for
magnetic fusion energy, was applied to smulate the
dynamics of chamber behavior in inertia fusion reactors
(HEIGHTSIFE) and the response of EUV lithography
devices (HEIGHTS-EUV). Various aspects of the
HEIGHTS models have been benchmarked and tested
against worldwide simulation devices and tokamak
reactorsin Japan, Europe, Russia, and the US.

Besides magnetic fusion research, the HEIGHTS
package has been used and is currently being applied to
space program applications, high-energy physics program
(muon collider and neutrino factory projects), nuclear
physics program (RIA project) and medica (isotope
production and arc injury), and other defense applications.
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MOJEJUPOBAHME BO3JAENCTBUS BBICOKUX MOIIIHOCTEN HA MATEPUAJIBI MUILIEHEM:
IMPUMEHEHUWE B MATHUTHOM, HTHEPIIMAJIbBHOM CUHTE3E U MOIHIHBIX IUTOI' PAONUYECKUX
TIIJIASMEHHBIX YCTPOMCTBAX

A. Xaccaneiin

Bo3nelictBie Ha MaTepyaibl OONBIIIX TTOTOKOB MOIIHOCTH M YacTWI[ BCTPEYAcTCS BO MHOIMX TPIUIOMKCHUSX, BKITFOUAS
TEPMOSIIEPHBIC YCTAHOBKU C MArHUTHBIM YZICP/KaHHEM M MHEPLMATIBHOTO CHHTE33, B SZIEPHON (DM3UKe U (DIBUKE BBICOKUX SHEPIH, B
YCTPOHCTBAX C IUI3MOM, 00pa3yeMOW pa3psiaMi WM C TOMOMIBIO JiazepoB. CTPYKTYpHBIE W TIOBEPXHOCTHBIC TTOBPEKICHIS
00paIeHHBIX K IDIa3Me KOMIIOHEHTOB B PE3yJIbTATE MOBTOPSIOLIMXCS CITydaeB TOTEPh YACPKAHHS OCTAIOTCA CEPhE3HON MPOOIEMOH B
KOHIIETIIIMY  PeakTopa-Tokamaka. [InasMeHHOe BO3NEHCIBHE MOMKET BbBBIBATH CHJIBHYIO SPOSHIO TIOBEPXHOCTH, CTPYKTYpHBIE
TIOBPEXKICHIIS, Y 3aTPSI3HEHHE ID1a3Mbl B 00bEME YACP/KaHHS.

CreHKn KaMepbl B SHEPIETUHECKHX PEAKTOpax Ha OCHOBE MHEPIMAIBHOTO CHHTE3A TAIOKE OYIyT HAXOAMTHCS B CYPOBBIX YCIOBHSIX
TIPH K&KZIOM B3PBIBE MHUIIICHN. BaKHBIM 371eCh SIBIAFOTCS] THTCHCHBHBIE ITOTOKU (DJOTOHOB M MOHOB, TEIUIOBOE 1 THIIPOMHAMIYECKOS
BOB/ICHCTBHE, 3PO3HST CTCHOK M YCTATIOCTHOE Pa3pyIICHNE, OYHCTKA KaMephl 1 0OecTiedeHr e HEeOOXOIMMBIX YCIIOBHH TIEPEH B3PHIBOM
CIIEIYIOLIEH MULLIEHU.

JlazepHast Wi paspsiiHas TUIa3Ma MCTIONBE3YETCsl B KAYeCTBE MCTOYHMKA BakyyMHOro yibtpaduornera (BY®) mist swrorpadmm.
OnpeernsroryM B YCTAHOBKAX C PaspsIHON M JIA3epHOH ITIa3MON SIRIETCS TOCTIDKEHHE JTOCTATOYHOM SIPKOCTH TSI OOCCTICUCHHS
BBICOKOH TIPOM3BOIMTENFHOCTY NIPH MAacCOBOM ITPOMBBOJICTBE 00OpYyIOBaHKS sl JTorpadmm. JUis onmcaHns TMAPOAMHAMUKH H
OITAYECKHUX TIPOIIECCOB B PA3pSIIHOH ITa3Me ObUTa pa3paboTaHa 1 HCTIHITaHA KOMITICKCHASI MOJIETTh, 00CYKIaeMasi B HACTOSIIIIEH paboTe.

MO/IEJTIOBAHHS BIUIMBY BUCOKHX IMOTYKHOCTE HA MATEPIAJIA MIIIIEHEI: 3ACTOCYBAHHSI
B MATHITHOMY, IHEPHITAJIBHOMY CUHTE3I I MOI'Y THIX JUTOI' PA®TYHUX IIJIABMOBUX ITPUCTPOSIX

A. Xaccaneiin

BrymB Ha Matepiaii BETMKIX MOTOKIB TIOTY)KHOCTI 1 YaCTOK 3YCTPIYAETHCS B 0aratb0X 3aCTOCYBAHHSX, BKIFOUAIOYN TEPMOSIICPHI
YCTAHOBKH 3 MArHITHIM YTPUMAHHSIM 1 IHEPLIATLHOTO CHHTE3Y, Y syIepHiid (i3uii 1 (Hi3uill BUCOKHMX EHEPIiH, y MPUCTPOSIX 13 TIA3MOI0,
YTBOpEHOI po3psimami ado 3a JIOMOMOTORO JiazepiB. CTPYKTYPHI 1 TIOBEPXHEBI YIIKODKEHHS 3BEPHEHUX IO IUIa3MH KOMIIOHEHTIB Y
PE3YIBTaTi TIOBTOPIOBAHMX BHIAJKIB BIPAT YIPUMAHHS 3THINAOTHCS CEPHO3HOIO IMPOOIEMOI0 B KOHIICHINH PEaKTOpa-TOKAMAaKa.
[na3mMoBWiA BITIMB MOYKE BUKJIMKATH CITEHY €PO3iF0 TIOBEPXHI, CTPYKTYPHI TOMIKOLKEHHS, 1 3a0py/HEH S TIa3MH B 00MIacTi yTPIMAaHHSL.

CTiHKM KaMepH B €HEPreTHYHIX PEaKTOpax Ha OCHOBI IHEPIIIAGHOTO CHHTE3Y TAKOXK OY/IyTh 3HAXOIMTHCS B CYBOPHX YMOBAX IIPH
KOXKHOMY BHOYXY MillieHi. BayKITMBUM TyT € IHTEHCHBHI MOTOKK (DOTOHIB 1 I0HIB, TEILIOBUH 1 TIAPOAMHAMIYHHII BIUIMB, €pO3isi CTIHOK i
PpyHHYBaHHS Bl yTOMJIEHHOCTI, OYHITICHHS KaMepH 1 3a0e3MeueHHsT HeOOXiTHIX YMOB TIepel] BHOYXOM HACTYITHOI MIITIEHi.

Jlazepra abo pospsiIHA I1a3Ma BUKOPHUCTOBYETHCS SIK HKEPENIO BAKYyMHOTO yitbtpadionery (BY D) mist mitorpadii. BizHauamsriv B
YCTaHOBKAX 3 PO3PSIHOIO 1 JTA3ePHOO IDIA3MOIO € JJOCSTHEHHS JOCTATHBOL SICKPABOCTI [Tt 3a0€3MeUeHHsT BUCOKOI TIPOYKTHUBHOCTI TPH
MaCOBOMY BHMPOOHHIITBI 00N HaHHs st Jjirorpadil. /st onmcy ripofMHaMiki i ONTAYHKX TPOLIECIB Y PO3PsyIHIN wiasmi Oyna
Ppo3politeHa i BUTpoOyBaHa KOMITIEKCHA MOZIENb, 0OTOBOPEOBAHA B JIAHIH POOOTI.
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