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Abstract

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 during major disruptions,
edge-localized modes (ELMs), and vertical displacement events (VDEs) causes significant surface erosion, possible
structural failure, and frequent plasma contamination. Surface damage consists of vaporization, spallation, and liquid
splatter of metallic materials. Structural damage includes large temperature increases and high thermal stresses in
structural materials and at the interfaces between surface coatings and structural members. To evaluate the lifetimes
of plasma-facing materials and nearby components and to predict the various forms of damage that they experience,
comprehensive models (contained in the HEIGHTS computer simulation package) are developed, integrated self-consis-
tently, and enhanced. Splashing mechanisms such as bubble boiling and various liquid magnetohydrodynamic (MHD)
instabilities and brittle destruction mechanisms of nonmelting materials can be serious erosion mechanisms and are
being studied in detail. The ejected macroscopic particles (MPs) will interact with incoming plasma particles and with
the vapor cloud above the surface. Therefore, the dynamic behavior of MPs in the vapor cloud and their influence
on total erosion rate is important. Results of self-consistent MHD calculations are presented in which the dynamics
of both the vapor cloud and MP interaction are coupled with incoming plasma ions and electrons from the scrape-off
layer during a disruption. The design requirements and implications of plasma facing and nearby components are
discussed, along with recommendations to mitigate and reduce the effects of plasma instabilities on reactor
components. Published by Elsevier Science B.V.
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1. Introduction

Interaction of powerful plasma and particle
beams (power densities up to hundreds of GW
m−2 and time duration up to tens of ms) with
various materials significantly damages exposed

target surfaces and nearby components. Investiga-
tion of material erosion and damage due to in-
tense energy deposition on target surfaces is
essential for many applications, space studies;
study of the earth surface interaction with collid-
ing asteroids and comets, creation of new sources
of radiation; high-energy physics applications;
thermonuclear and inertial fusion studies, etc. Ex-
perimental and theoretical activities in this field
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move toward the common goal of achieving a
better understanding of the physics phenomena
and material properties of various plasma–sur-
face interactions under extreme conditions of high
temperature and pressure. An important applica-
tion of this understanding is in future tokamak
fusion devices during plasma interaction with
plasma-facing materials (PFMs).

Damage to plasma-facing and nearby compo-
nents as a result of various plasma instabilities
that cause loss of plasma confinement remains a
major obstacle to a successful tokamak reactor
concept. Plasma instabilities can take various
forms, such as major disruptions, which include
both thermal and current quench (sometimes pro-
ducing runaway electrons); edge-localized modes
(ELMs), and vertical displacement events (VDEs).
The extent of the damage depends on the detailed
physics of the disrupting plasma, the physics of
plasma–material interactions, and the design
configuration of plasma-facing components
(PFCs) [1]. Plasma instabilities such as hard dis-
ruptions, ELMs, and VDEs will cause both sur-
face and bulk damage to plasma-facing and
structural materials. Surface damage includes high

erosion losses attributable to surface vaporization,
spallation, and melt-layer erosion. Bulk damage
includes large temperature increases in structural
materials and at the interfaces between surface
coatings and structural materials. These large
temperature increases can cause high thermal
stresses, possible melting and detachment of sur-
face material, and material fatigue and failure.
Other bulk effects of plasma instabilities, particu-
larly those of longer duration, such as VDEs, and
those with deeper deposited energy, such as run-
away electrons, can deliver high heat flux values
at the coolant channels, possibly causing 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 haz-
ard), and successful and prolonged plasma opera-
tion after instability events [3], Fig. 1 is a
schematic illustration of the various interaction
zones and physics currently included in the High
Energy Interaction with General Heterogeneous
Target Systems (HEIGHTS) simulation package in
a self-consistent and integrated way during
plasma instability events.

Fig. 1. Schematic illustration of various interaction zones and physics involved during plasma instabilities.
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Several key factors can significantly influence
the overall response and erosion lifetime of a PFC
as a result of the intense energy that is deposited
during these plasma instabilities. These factors
are, (a) characteristics of particle-energy flow (i.e.
particle type, kinetic energy, energy content, de-
position time, and location) from the scrape-off-
layer (SOL) to the divertor plate; (b)
characteristics of the vapor cloud that develops
from the initial phase of energy deposition on
target materials and its turbulent hydrodynamics;
(c) photon-generated continuum and atomic line
radiation and transport in the vapor cloud and
nearby regions; and (d) characteristics of plasma–
solid-melt-layer–debris interactions.

The HEIGHTS simulation package has been de-
veloped to study in detail the various effects of
sudden high-energy deposition of various sources
on target materials [4]. The package consists of
many integrated models that follow the beginning
of a plasma disruption at the SOL up to the
transport of the eroded debris and splashed target
materials as a result of the deposited energy. One
model in the package, the SOLAS code, describes
the plasma behavior in the SOL during a disrup-
tion and predicts the plasma parameters and con-
ditions at the divertor plate [5].

To evaluate the various damage mechanisms to
plasma-facing and nearby components caused by
plasma instabilities, we have developed full multi-
dimensional comprehensive radiation magnetohy-
drodynamic (MHD) models that use advanced
numerical techniques such as particle-in-cell
(PIC), forward-reverse, and Ray Tracing methods
[4]. These models, which use such advanced nu-
merical methods, are needed for a realistic analy-
sis of disruption conditions and overall
consequences. Detailed physical models of
plasma–solid–liquid–vapor interaction in a
strong oblique magnetic field have also been de-
veloped in a fully self-consistent multidimensional
model that is coupled with radiation MHD
models.

Factors that influence the lifetime of PFCs such
as loss of vapor-cloud confinement and vapor
removal due to MHD instabilities, damage to
nearby components from intense vapor radiation,
melt splashing, and brittle destruction–explosive

erosion of target materials, can also be modeled in
detail [6,7]. The HEIGHTS package being used for
reactor design estimates is validated against well-
diagnosed experiments in disruption simulation
facilities [8]. A major part of the current work
focuses on modeling the behavior and erosion of a
metallic surface with a liquid layer, subject to
various internal and external forces during the
energy deposition phase, as on the explosive ero-
sion, and on the characteristics of brittle-destruc-
tion erosion associated with carbon-based
materials (CBMs). Although in general, good
agreement is found for many of the cases studied,
discrepancies still exist and must to be resolved.

Accurate prediction of mass losses requires full
descriptions of evolving media above the target
surface that consist of a mixture of vapor and
macroscopic particles (MPs) moving toward the
disrupting plasma as schematically illustrated in
Fig. 1. Photon radiation from the upper hot re-
gion of the vapor will then be absorbed by both
divertor surface and the surface of the ejected
MPs. This leads to further surface vaporization of
divertor and MP surfaces. In such a mixture,
additional screening of the target surface by the
MP cloud can occur. This could lead to a signifi-
cantly reduced power flux to the surface due to
‘droplet shielding’, which is analogous to the va-
por shielding effect [3]. In a well-confined vapor
cloud, the flight lifetime of MPs in the vapor is
short, and complete burning of the emitted MPs
occurs. This droplet shielding effect can lead to
further reduction of the total erosion loss.

To correctly predict macroscopic erosion, a
four-moving-boundaries problem is solved in
HEIGHTS [4]. The front of the vapor cloud is one
moving boundary, determined by solving vapor
hydrodynamic equations. The second moving
boundary, due to surface vaporization of the
target, is calculated from target thermodynamics.
A third moving boundary, behind the surface
vaporization front, is due to the melt-splashing
front. Finally, the fourth moving boundary is at
the liquid–solid interface; it further determines
the new thickness of the melt layer. The SPLASH

code (part of the HEIGHTS package) calculates the
macroscopic mass losses by using the splashing-
wave concept as a result of each macroscopic
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erosion-causing mechanism [4]. Thus, total ero-
sion is calculated from the sum of all possible
erosion mechanisms. An overall assessment of
erosion lifetime of PFCs should then include
atomic surface vaporization, macroscopic erosion
from liquid–metal splashing and brittle destruc-
tion of CBMs, and erosion damage to nearby
components from intense vapor radiation and
deposition.

2. Plasma–material interaction leading to melting
and vaporization

Plasma-facing surfaces are rapidly heated dur-
ing plasma instabilities by direct impact of en-
ergetic plasma particles and radiation. The energy
deposition in the bulk material is calculated by
using models that include the physics of energy
loss by plasma ions and electrons in target mate-
rials. HEIGHTS package calculates in detail the
spatial and time dependence of beam energy de-
position in various target materials. Energy depo-
sition methods include analytical, semi-empirical,
and Monte Carlo techniques for accurate predic-
tion of the deposited energy. The deposited en-
ergy flux can be high enough to rapidly melt and
vaporize the surface material. The thermal re-
sponse of the material is calculated by solving a
multidimensional (up to 3-D) time-dependent
heat-conduction equation, with moving
boundaries, i.e. the receding eroded surface and
the solid–liquid interface, with boundary condi-
tions that include heats of melting and vaporiza-
tion [2], Most of the calculations presented in this
study is, however, is 2-D time-dependent analysis.

It is known that during the early stage of an
intense power deposition on a target material, a
vapor cloud from the target debris will form
above the bombarded surface. This shielding va-
por layer, if well confined, will significantly re-
duce the net energy flux to the originally exposed
target surface to only a few percent of its initial
incident value; thereby substantially reducing the
net vaporization rate [2,9]. Depending on the type
of application, this shielding layer can be either
beneficial (i.e. the protection is desirable) or
harmful (protection is not desirable). For exam-

ple, the shielding by the earth’s atmosphere at the
surface of colliding asteroids and comets during
entrance can prolong the object lifetime and be
more dangerous to earth. Also in laser or elec-
tron beam welding or cutting of materials the
developed vapor cloud is harmful since it reduces
the beam power flux to target surface and, there-
fore, reducing welding or cutting efficiency. The
shielding efficiency of this vapor-plasma cloud
will, however, depend on several factors. The net
power flux that reaches the target surface deter-
mines the net erosion and thus the lifetime of
PFCs. Net erosion damage to PFCs due to
plasma instabilities should include surface vapor-
ization loss, erosion damage to nearby compo-
nents from intense vapor radiation, and
macroscopic erosion from liquid–metal splashing
and brittle destruction of CBMs.

Initially, the neutral vapor emitted from the
solid or liquid target surface expands freely
across magnetic field lines in the direction normal
to the surface. As the cold vapor is heated by
incident plasma particles, it becomes ionized and
expands, following the direction of the oblique
magnetic field lines. The parameters and the dy-
namics of the target plasma depend on the energy
flux and the type of target material. Low-Z target
plasma (e.g. carbon, beryllium, lithium, etc.) ex-
pands to larger distances from the surface,
whereas vapor shields formed from higher-Z ma-
terials (e.g. tungsten, molybdenum, etc.) stay
closer to the surface. The incoming plasma parti-
cles are completely stopped in the vapor plasma
and the plasma energy flux is converted to pho-
ton radiation. Although reduced from its original
value, the net energy flux to the target surface
(dominated by photon radiation) is large enough
to cause melting and further erosion of metallic
components.

The expansion of vapor plasma into the vac-
uum (surrounding gas or plasma) above the ex-
posed target surface under the influence of a
strong magnetic field is determined by solving the
MHD equations for conversation of mass, mo-
mentum, and energy:

��

�t
+�(�Vb )=0, (1)
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�
�Vb
�t

+�P=F,b (2)

and

�E
�t

+�(EVb )+P�Vb =�(K�T)�Qr+�Qb+
Jb 2

�
,

(3)

where V is vapor plasma velocity, � is density, E
is energy, P is pressure, F is external force, K is
vapor plasma thermal conductivity, T is vapor
temperature, Qr is radiation flux, Qb is the inci-
dent particle flux from the disrupting plasma, J is
plasma current density, and � plasma electrical
conductivity. All variables of these equations are
both time- and space-dependent. The plasma
beam particle flux deposited in the vapor is calcu-
lated by similar methods for the slowing down in
cold target i.e. by inelastic and elastic collisions,
however, an additional stopping mechanism is
used which arises from the free electron due to
ionization. This free electron stopping term can
substantially shorten the range of both plasma
ions and electrons in the ionized vapor leading to
high-energy deposition rate at the front vapor
zone.

The vapor plasma once ionized and with large
electrical conductivity, is assumed to move freely
along magnetic field lines. The vapor plasma
equation-of-motion is solved in two directions,
along and perpendicular to divertor surface. The
equation of motion in a strong magnetic field can
then be written as:

�
dVb
dt

= −�P+Fb m, (4)

Fb m=
1
c

[Jb ×Bb ], (5)

where Fm is magnetic force, J is plasma current
density, c is speed of light, and B is magnetic flux
density. The induced magnetic force will act as a
retarding force to vapor expansion. The electric, �,
and magnetic field B are defined from Maxwell
equations:

1
c

���
�t

=�×Bb +4�

c
Jb (6)

1
c

�Bb
�t

= −�×�� (7)

The time variation of the induced electric field
in the vapor plasma is usually very small.
Therefore:

�×Bb = −
4�

c
Jb , (8)

and

�� =1
c

[Vb ×Bb ]+
Jb
�

(9)

The time-varying magnetic field in the vapor
plasma can then be given by:

�Bb
�t

= −�× [Vb ×Bb ]+�×
� c2

4��
�×Bb n (10)

The magnetic force Fm, is composed of a mag-
netic pressure force, Fp, and a tension, Ft, due to
the curvature of the magnetic field lines, where:

Fp= −�
�Bb 2

8�

�
(11)

Ft= −
1

4�
(Bb �)Bb (12)

The melt layer, developed during a disruption,
is exposed to various forces, such as electromag-
netism, gravitation, mechanical vibration, plasma
momentum, surface tension, and ablation recoil
[10], For metallic components such as beryllium
and tungsten, erosion lifetime due to these abnor-
mal events will be controlled and dominated by
the evolution and hydrodynamics of the melt
layer during disruption, and the resultant loss of
liquid material from the surface. In contrast,
CBMs do not melt and, therefore, do not erode
by these processes; this was a major reason for the
choice of graphite and carbon-fibre-composites
for some PFCs in current fusion machines and in
the international thermonuclear experimental re-
actor (ITER) design. However, CBMs may suffer
from another splashing erosion mechanism; an
explosive-type erosion, as described later.

In future tokamak devices, �10–200 MJ m−2

will be deposited on the divertor plates during the
disruption thermal quench, a time of the order of
0.1–10 ms. These corresponds to a heat fluxes
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Fig. 2. Time evolution of tungsten surface temperature, melt-
ing thickness, and vaporization losses during a disruption.

The subsequent decrease in the surface temper-
ature was caused by the reduction in absorbed
heat flux due to vapor shielding and conduction
of heat into the material. The subsequent behav-
ior is mainly determined by the energy flux from
the emitted photon radiation in the vapor cloud,
as discussed above, and by vapor-electron heat
conduction.

Fig. 3 shows tungsten solid–liquid–vapor tem-
peratures as a function of distance for 10 MJ m−2

energy density deposited at two disruption times,
i.e. 0.1 and 1 ms. At the shorter disruption time,
both the liquid–solid and the vapor temperatures
are higher than in the case of longer disruption
times. A longer disruption time causes the vapor
to expand to larger distances above the divertor
surface and also causes the energy flux that
reaches the divertor surface to diffuse deeper into
the bulk and produce a thicker melt layer. An
order-of-magnitude increase in the energy density,
i.e. from 10 to 100 MJ m−2 would only result in
about 30% increase in the erosion rate and less
than that in melting thickness. This is mainly
because most of the incident plasma energy is
used to heat up the front regions of plasma vapor
[6]. This means that most of the radiation-flux is
emitted in the direction away from the PFCs.
Depending on the divertor design and configura-

�10 G m−2. Fig. 2 shows a typical time evolu-
tion of a tungsten surface temperature�melt-
layer thickness, and vaporization losses during a
disruption for an incident plasma energy of 100
MJ m−2 deposited in 1 ms, as predicted by the
HEIGHTS package [4]. An initial magnetic field
strength of 5 T with an incident angle of 2–6° is
used in these calculations. The sharp initial rise in
surface temperature is due to the direct energy
deposition of incident plasma particles at the ma-
terial’s surface.

Fig. 3. Spatial evolution of tungsten solid–liquid–vapor cloud temperatures at two disruption times.
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tion, the expanding hot vapor and its radiation
can damage nearby components, particularly for
closed-divertor configurations. It is, therefore, de-
sirable to keep the normal expansion of vapor to
a minimum.

Based on the above results, for a disruption
energy density of �10 MJ m−2 and a disruption
time of 1 ms, the calculated vaporization and
melting thickness for a tungsten plate are about 2
and 180 �m, respectively. The vaporized 2 �m
thick layer expands 30–60 cm in vapor cloud
above the target surface. The melt layer thickness
is much more than the vaporized thickness, there-
fore, the lifetime of a metallic target would
strongly depend on the fraction of melt layer lost
per event. A sacrificial 20-mm-thick carbon layer
would then lead to a lifetime of �500 disruptions
due to vaporization alone (i.e. without including
erosion from other mechanisms, as will be dis-
cussed later) or a lifetime of 130 disruptions for
tungsten if 50% of the melt layer is lost for the
above disruption energy density and duration. It
has also been found that, depending on the diver-
tor configuration and design, the transport and
deposition of the radiation generated from the
primary vapor cloud can be high enough to cause
severe melting and erosion of nearby components.
The vapor cloud that develops on the front of the
surface of the nearby components may not be as
effective as the primary cloud in protecting adja-
cent components because of strong vapor diffu-
sion losses, vapor-cloud optical properties, and
geometrical effects [11].

The detailed vapor motion above the exposed
surface and its stability–confinement is calculated
by solving the vapor MHD equations in two
dimensions for conservation of mass, momentum,
and energy under the influence of a magnetic field
[12,13]. The vapor cloud, if well confined, greatly
reduces the net energy flux to the surface, leading
to one to two orders of magnitude less erosion by
vaporization [9], The magnetic field lines are ini-
tially frozen into the surface of the liquid metal
layer because of the liquid’s high conductivity.
However, as more vapor is emitted from the
surface, the expanding dense ionized vapor will
sweep and distort the oblique magnetic field lines.
Near the upper vapor boundary, the magnetic

field lines become almost parallel to the vapor
surface. Such a situation of distorted magnetic
field distribution leads to a flute-type MHD insta-
bility in the vapor plasma [13], As a consequence
of the loss of vapor confinement, the turbulent
diffusing hot vapor may then deposit its energy
on nearby components, causing more erosion.
The overall net erosion rate and resultant damage
will depend on the parameters of the disrupting
plasma, the size of the disruption spot, design
configuration, and the type of PFM. In addition,
the incidence of the hot disrupting plasma onto
the cold plasma of the vapor shield may give rise
to electric fields [14]. The electric field may cause
lateral Eb ×Bb drifts that can lead to deflection of
either the vapor shield plasma [15] or the incident
plasma [16], or both. Experimental evidence for
the influence of Eb ×Bb drifts on plasma shield
efficiency and erosion is not yet proved.

Photon radiation and transport in the vapor
plasma are very important in predicting disrup-
tion erosion of PFCs. Opacity and emissivity data
for the developed vapor plasma varies signifi-
cantly because the vapor contains very cold and
dense plasma regions near the target surface and
very hot and less-dense plasma regions where the
disrupting plasma ions and electrons deposit their
energy. The models in the HEIGHTS package [2]
allow for the treatment of nonlocal thermody-
namic equilibrium (non-LTE) of the vapor-cloud-
generated plasma, multigroup and multidimen-
sional analysis of the produced photon spectra,
and self-consistent kinetic models for both the
continuum and line radiation generated in the
vapor cloud. Calculated photon spectra emitted
from the outermost regions of tungsten vapor for
two deposited plasma energy densities (10, 100
MJ m−2) and for beryllium at 100 MJ m−2 are
shown in Fig. 4. Most of the incident plasma
energy flux (�80%) during the disruption is
quickly converted into radiation energy in the
vaporized material. Most of the radiation energy
will be deposited at locations other than the orig-
inal disruption location. In some cases, the dam-
age from the plasma-energy-converted radiation
can exceed the damage at the original location,
particularly in a closed divertor configuration.



A. Hassanein / Fusion Engineering and Design 60 (2002) 527–546534

Fig. 4. HEIGHTS—calculated photon spectra emitted from outermost vapor regions for different deposited plasma energies.

The emitted radiation spectrum depends on va-
por–plasma parameters such as vapor tempera-
ture and vapor density, which is determined from
the detailed physics of vapor–plasma interactions.
For the case of higher energy disruption, more
power is deposited in the vapor that heats the
vapor front to higher temperatures and causes it
to emit harder photon spectra, which in turn,
deposit more energy at the material surface. Due
to its lower atomic number, beryllium vapor is
much less radiant than the higher-atomic-number
tungsten vapor; therefore, its temperature is much
higher than that of tungsten vapor and conse-
quently, its photon spectrum is harder and the
yield is much higher.

Line radiation in the vapor is particularly im-
portant for materials with lower atomic numbers
and high-temperature vapor clouds. In many
cases of disruption on beryllium targets, �90%
of the emitted radiation energy is in the form of a
few strong lines of radiation. Careful treatment of
line transport in vapor clouds is important and
required to correctly calculate the net energy flux
to the material surface [2].

3. Material erosion mechanisms

3.1. Erosion in metals including macroscopic
particle formation

Surface vaporization losses of metallic PFMs
are generally small (only a few �m) over a wide
range of plasma conditions during short plasma
instabilities [2]. In most disruption cases, the melt-
layer thickness of metallic components can be one
to two orders of magnitude higher than surface
vaporization losses [3], as shown in Fig. 2. The
loss of melt layer during the course of a disrup-
tion will seriously decrease the erosion lifetime of
PFCs. During a reactor disruption, the melt layer
is subject to various forces such as electromag-
netism, gravitation, mechanical vibration, plasma
momentum, surface tension, and ablation recoil.
Several mechanisms can cause melt-layer loss dur-
ing plasma instabilities [10]. Experimental obser-
vations in laboratory disruption simulation
devices are, however, consistent with two impor-
tant mechanisms of melt-layer removal [1]. These
mechanisms are melt splashing due to the forma-
tion, growth, and explosion of vapor bubbles
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inside the liquid layer, and growth of hydrody-
namic instabilities due to plasma impact momen-
tum (‘plasma wind’) at the liquid surface and
forces generated by current decay in the liquid
metal layer.

Therefore, hydrodynamic instabilities, such as
the Kelvin–Helmholtz (K–H) instability, will
arise and form liquid droplets that will be carried
away by the plasma wind. The amount and rate
of melt-layer loss is difficult to predict and is
expected to depend on many parameters, such as
heat flux, impurity and gas content, material
properties, and disrupting plasma parameters.
More work is needed to study the details of
macroscopic erosion of metallic materials during
an intense deposition of energy.

3.2. Erosion in carbon-based materials

Due to the self-shielding layer effect discussed
above, erosion by vaporization of carbon materi-
als is also limited to �10 �m for a wide range of
disrupting plasma conditions. This is about only
one to two orders of magnitude lower than it
would be if no vapor shielding exist [9]. However,
in many cases, graphite and CBMs have also
shown large erosion losses that significantly ex-
ceed losses from surface vaporization. A phe-
nomenon, called ‘brittle destruction’, has been
observed in various disruption simulation facili-
ties [4], Physical mechanisms that cause brittle
destruction of CBMs are not yet clear. One mech-
anism could be cracking caused by thermome-
chanical stresses that develop during the intense
deposition of energy [17–19], Another proposed
mechanism is that material is ejected by the sharp
rise in the pressure of gas trapped in the network
of pores between intergranular and intercrystallite
boundaries that can cause explosive ejection of
material [20]. These processes are likely to depend
on the material microstructure.

The macroscopic erosion of CBMs will depend
on three main parameters, net power flux to the
surface; exposure time; and the threshold energy
required for brittle destruction [20]. The required
energy is critical in determining the net erosion
rate of CBMs and is currently estimated from
disruption simulation experiments. More experi-

mental data and additional detailed modeling are
needed to evaluate the erosion of CBMs, e.g. the
role of brittle destruction.

Surface ablation, i.e. formation and ejection of
MPs, is characterized by splashing or destruction
waves, assuming that a layer of material heated
above certain threshold energy is removed in the
form of MPs [7]. Ablation of both melting and
carbon-based materials is occurs in splashing–de-
struction waves when a layer of material is heated
above a certain threshold energy, Qth, and is
removed in the form of MPs, This energy
threshold for splashing is roughly equal to the
sum of a thermal energy Qheat (required to heat
the liquid above a certain threshold temperature
Tth including heat of fusion, Qf, for melting mate-
rials), a separation energy to remove the MPs
from the surface, and a kinetic energy for the
moving droplets. The separation energy of the
splashed droplets is determined from the surface
tension of the liquid metal. The value of Qth is,
therefore, calculated from:

Qth=Qheat+Qs+Qk, (13)

where:

Qheat=
� Tth

T o

c�dT+Qf (for melting materials)

(14)

Qs=Ndrop4�Rdo
2 �s, Ndrop=

dm/dt
Vdo(4/3)�Rdo

3 , (15)

and,

Qk=
1
2

�Vdo
2 (16)

where To is initial material temperature, c� is
specific heat, Qs is energy required for droplets
separation, Qk is kinetic energy of ejected MP,
Vdo is ejected velocity, Rdo is radius (size), Ndrop is
density of the ejected MP, dm/dt is ablation rate,
and as is surface tension. For hydrodynamic in-
stabilities, Tth is near the melting temperature
Tmelt, while for bubble boiling, Tth is near the
vaporization temperature Tvap. Therefore, the
threshold energy for macroscopic erosion is deter-
mined from material properties, mechanism of
macroscopic destruction, and dynamics of vapor-
cloud expansion above the target surface.
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Macroscopic brittle erosion of CBMs from ther-
mal stresses and macroscopic pore explosion can
be described in a way similar to that used for
metallic materials, by using the concept of a de-
struction wave, with the separation energy Qs,
defined in this case from the binding energy of the
grains–crystallites. Since the MPs are ejected as a
result of the vapor pressure P, similar to the
external pressure Pout, the velocity of MPs can be
estimated from Vdo��Pout/�. For a Pout of �50
atm (pressure of vapor cloud), Vdo�50 m s−1 [7].

4. Interaction between macroscopic particles and
vapor plasma

The ejected waves of MPs will form a ‘droplet
cloud’ above the target surface and expand inside
the initial vapor cloud. MPs are treated as separate
media that interact with the surrounding inhomo-
geneous vapor-cloud plasma through exchange of
mass, momentum, and energy. To calculate of
mass and energy exchange, MP vaporization is
calculated by equations similar to those for vapor-
cloud dynamics [7]. Mass losses and the corre-
sponding decrease in MP radius (size) are
calculated by solving the mass, momentum, and
energy conservation equations given by [21]:

dRd

dt
= −

�out

Ndrop

, (17)

dEd

dt
=Wrad+Wcond−4�Rd

2�out(c�Td+Qf+Qv)

(18)

where Ed is net energy of MP, Wrad and Wcond are
radiation and conduction energy fluxes, �out is net
vapor flux from MPs surface, Td is surface temper-
ature of MP, and Qv is heat of vaporization. The
net vapor flux from the MPs surface is defined as
the difference between the vapor flux leaving the
surface (corresponding to the surface temperature)
and the vapor flux from the surrounding vapor
cloud that condenses at the MPs surface. Due to
the decreasing MP radius, the interaction of MPs
with vapor can be either collisional or collisionless.
The collisionality condition is determined by the
parameter, �, where:

�=
1
6
�Vo

Vd

��Rd

�o

�
, (19)

where the subscript o refers to the vapor media
and �o is vapor mean free path. For ��1, the
Stokes formula with viscosity �d is used while for
��1, the friction force is calculated assuming the
interaction of freely moving vapor with spherical
particles. Absorption of photon radiation power
by each MP is calculated by using the absorption
cross section that takes into effect geometrical
screening by other MPs. The total absorption and
reflection of photon radiation are summed over all
emitted MPs. Influence of a magnetic field on MPs
motion and dynamics is negligible, therefore the
[J×B ] force is not taken into account. Fig. 5 is a
schematic illustration of MP evolution and inter-
action with the vapor cloud during a plasma
instability event.

Once MPs are emitted into the vapor plasma,
they will alter the hydrodynamic evolution of the
vapor plasma. The corresponding coupled mass-,
momentum-, and energy-conservation equations
become complicated and are given simply in con-
ventional terms by [21]:

Fig. 5. Schematic illustration of droplet shielding concept
during plasma instabilities.
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��

�t
+�(�Vb )=�Sb net, (20)

�
dVb
dt

= −�a P+
1
c

[(�×Bb )×Bb ]+Fb plas+Fb MP,

(21)

dE
dt

−
E
�

d�

dt
+P�Vb = −�q� k+Qplas+QMP+Qrad+�Wb net,

(22)

where Snet is net vapor flux from droplets surface,
Fplas is deposited plasma momentum, FMP is de-
posited droplet momentum in the vapor-cloud, qk

is heat conduction flux along and across the mag-
netic field, Qplas is SOL plasma energy flow to the
vapor cloud, QMP is droplet kinetic energy in the
vapor, Qrad is radiation power, and Wnet is energy
flux from vaporizing droplets. The vapor energy
density, E, consists of both the thermal and ion-
ization energy:

E=
3
2
(1+z)nkT+n

� z

o

I(z)dz, (23)

where n is vapor number density and I(z) is the
ionization potential of the vapor plasma.

One purpose of this work is to study vapor
plasma dynamics in a mixture of atomic vapor
and MPs in order to find the contribution of
ablation losses relative to total mass losses. If the
vapor plasma is well confined by the magnetic
field, there is no motion of the vapor plasma
along the divertor surface in the poloidal direc-
tion, (�, and MP dynamics are determined by
their interaction with the vapor plasma moving in
both toroidal, �, and radial, r, directions. There-
fore, MPs remain within the vapor cloud up to
full vaporization, i.e. complete burning or until
leaving the vapor cloud in the r direction.

Photon radiation transport inside the vapor
plasma will finally determine net energy flux to
the surface and consequently will determine the
lifetime of the target plate. For quasi-stationary
conditions, the transport equation for the radia-
tion has the form:

�b �Ib 	=�vIb vp−
vIb 	 (24)

where Ib 	 is the radiation intensity, Ib vp is the
Planckian radiation, 	 is the frequency, �v is the
vapor plasma emission coefficient, � is the solid

angle, and 
v is the vapor and MPs absorption
coefficient The ‘forward–reverse’ method is used
in this analysis to calculate the photon radiation
transport in the vapor–droplet plasma. The corre-
sponding equations in two directions are given by
[21]

�
1
2

dI �
�

dx
=�vIvp

� −
vI 	
� (25)

W rad
� =

��

0

I 	
�d	, Wrad=W

rad

+ +W
rad

− (26)

where I 	
+ is the photon flux moving upward (for-

ward), I�
− is the photon flux moving downward

(reverse), and Wrad is the total emitted radiation.
To calculate �	 and �	, as well as thermodynamic
properties, full kinetic equations are solved in the
evolving vapor-cloud plasma for all level popula-
tions of charged particles. The kinetic equations
are solved at each time step, taking into account
induced radiation; therefore, radiation transport
were calculated in a self-consistent way. In these
calculations, the radiation flux is composed of two
separate components, continuum radiation flux
and line radiation flux. The continuum spectrum
is divided into multigroups in logarithmic scale
for a wide range of photon energy. The radiation
transport for each line is calculated separately,
also using multigroup approximation for each
line. For most cases, the number of groups for the
continuum spectra Nc�1000 and for lines 50�
NL�500 depending on target vapor material and
condition. Therefore, radiation transport in the
vapor plasma was calculated for a total number
of groups that exceed several thousand.

The front hot and less-dense vapor cloud ex-
pands in the normal direction with a vapor cloud
velocity of �1 km s−1. However, the front vapor
plasma does not influence the denser and colder
vapor near the target surface that contains the
MPs. The effective size of this front part of the
vapor cloud is determined by absorption depth of
the incoming plasma particles, particularly plasma
electrons. After a transition time of a few tens of
�s, depending on target material, the spatial dis-
tribution of plasma parameters (such as density,
temperature, and magnetic field) become quasi-
stationary, as shown for a beryllium target (at 400
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Fig. 6. Spatial evolution of beryllium vapor temperature,
density, and toroidal magnetic field during a disruption.

plasma with lower Z�1. For lithium, the size of
the radiative region is similar to the size of the
zone where incoming plasma flux is absorbed. For
higher-Z materials such as beryllium and carbon,
the radiation heat conduction is high enough to
keep part of the vapor plasma outside the absorp-
tion zone at a higher temperature. Radiation ab-
sorption ceases at temperatures lower than the
ionization temperature. Near the wall, the second
zone of the cold region contains MPs that can
absorb radiation; thus, a sharp decrease occurs in
Sin as shown in Fig. 7.

The ejected MPs move across the cold dense
vapor with a maximum velocity at ejection Vej�
100 m s−1, determined from the vapor pressure
above the target surface. Nevertheless, the MPs
are slowed down because the vapor velocity near
the target surface is �Vej. Fig. 8 shows the
spatial evolution of a lithium droplet with an
initial radius of 10 �m and velocity of 50 m s−1 as
it moves across the lithium vapor cloud at time=
400 �s. The lithium droplet is completely vapor-
ized at a distance �2 mm above the target with a
lifetime �life of �40 �s in the vapor cloud. The
‘birth time’, i.e. time when the particle–droplet
was ejected, is also shown. The MPs that were
born earlier were moved a far distance from the
target surface for a longer time. A beryllium
droplet travels much longer distance than a
lithium droplet because of its higher vaporization
energy and less radiation power to the droplet

�s snapshot) in Fig. 6 [21]. At the front of the
expanding vapor cloud, density is lowest (n�2×
1017 cm−3) and temperature is highest (T�28
eV). The denser and colder vapor region actually
consists of two zones. The first zone, very near the
target surface, is governed by MP vaporization,
thus, density is high and temperature is low (T�
0.3–0.5 eV), which means that the vapor is mostly
neutral (Z�0.5) in this zone. The second zone
consists of vapor plasma with Z�1 and is char-
acterized by a low or negligible radiation. The
little radiation absorbed by some free electrons is
enough to keep the vapor at this temperature.
Most of this radiation Sin, is absorbed by MPs
near the target surface. Flowing vapor from the
target surface pushes upward on the magnetic
field, therefore, the field in the vapor cloud is
decreased to Bz�3 T in beryllium vapor. Thus,
the inclination angle of the magnetic field lines in
the vapor cloud changes from �o=6° to ��20°.

Fig. 7 shows the spatial distribution of de-
posited plasma power (Splasma), upward radiation
flux (Sout) and downward radiation flux (Sin) to-
ward the target [21]. The energy of plasma parti-
cles is absorbed mainly by the free electrons of the
vapor at high temperature and high Z and by the
inner shell electrons at lower Z. It can be seen
that the upward radiation is generated in this
region. However, the radiation power toward the
target surface Sin is absorbed mainly by vapor

Fig. 7. Spatial distribution of emitted radiation and deposited
plasma power in Li vapor.
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Fig. 8. Spatial evolution and lifetime of a lithium droplet as it moves in vapor cloud.

surface (Stgt[Be]�230 kW cm−2 vs. Stgt(Li)�300
kW cm−2). The lifetime of MPs is determined by
the incoming radiation power and vaporization
energy; thus, �life(Li)�40 �s, but �life(Be)�240
�s, and �life(C)�400 �s [21].

The mechanism and dynamics of a splashing–
destruction wave can be described as follows.
During the initial phase, the target surface is
heated by both plasma particles and photon radi-
ation while the surface temperature is achieving
the threshold temperature–energy. Then, a
splashing wave propagates into the target bulk.
The front wave position xwave inside the target is
determined by the threshold condition T(xwave)=
Tth. All of the target mass behind the wave front
with x�xwave is emitted in the form of MPs.
Depending on material properties and mechanism
of splashing–brittle destruction, these MPs ex-
hibit certain distributions in size Rdo, velocities
Vdo, and angles of ejection. Detail calculations
have also shown that the initial distribution of
MP size and velocities does not affect the net
radiation power to the target surface, only the
vaporization path length of the MPs [21].

The process of ablation mass loss can be di-
vided into two stages. During the first stage the
splashing wave propagates quickly, because the
target surface is heated near Tth at a sufficient

depth, and any slight additional radiation power
is enough to achieve threshold conditions. There-
fore, sufficient mass is ejected in a short time;
both the mass and time are determined by the
material properties. The time evolution of the
beryllium target surface temperature Ts and
droplet and total vapor mass losses are shown in
Fig. 9. The time history of the splashing erosion
wave of beryllium droplets is shown. The target
surface temperature achieves a quasi-stationary
value after a certain time.

During the second stage, after the first ejection
wave, the splashing process is quasi-stationary
and the flux of newly ejected MPs becomes equal
to the flux of the vanishing MPs [2]. For a lithium
target, this state is quickly achieved in �20 �s,
but for materials with higher Tvap such as beryl-
lium, this state is achieved at the much later time
of �150 �s. For materials with even higher Tvap,
like CBMs, such a state was not achieved in up to
600 �s. The total mass loss of beryllium targets is
only �10–15% of the total melting thickness for
well-confined vapor and droplet clouds.

The total mass loss is, therefore, determined
from the net radiation flux that arrives at the
target surface after the double shielding effect that
is due to absorption by both vapor plasma and
MPs. After a certain transition time, these fluxes,
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as well as the front vapor cloud temperature
achieve the quasi-stationary state. The vapor and
droplet shielding efficiency is �95% for the can-
didate materials and the conditions studied in this
analysis.

5. Results from simulation experiments

Disruption conditions in next-step devices can-
not be achieved in existing tokamaks because of
the large difference in stored energy in the two
devices. Therefore, laboratory experiments (e.g.
laser and electron beams, open plasma traps and
plasma guns) are used to study and simulate
disruption erosion effects [22–26], The results of
these experiments are used to validate the above-
discussed theories and models, which are cur-
rently under development for the purpose of
predicting effects in a next-step device.

Laser and high-energy electron beam facilities
have been widely used to test divertor materials,
primarily graphite and carbon-based materials
[25,26]. These experiments, mainly carried out in
facilities without a magnetic field (known to
confine vapor plasma near the surface of the
exposed material samples), and thus in the pres-

ence of a poor shielding efficiency, have typically
shown very high erosion rates (hundreds of �m).
In laser beams, this is due to the fact that the
beam size is generally very small (�2–4 mm) and
penetrates the expanding cloud of vaporized ma-
terial with little attenuation. In electron beams,
because of the high kinetic energy (100–150 keV),
the electrons penetrate the vapor and the target
material more than in laser or plasma gun devices.
Thus, the vapor cloud is heated to lower tempera-
tures than in plasma gun experiments, and the
fraction of incident energy that is dissipated via
radiation in the vapor is much lower [13].

Experiments carried out in a particular type of
simulator devices, e.g. the GOL-3 facility, which
uses a combined hot electron beam (low MeV
range) and low-temperature plasmas (�3–5 eV),
led to an explosive-type high erosion of graphite
materials [27]. Approximately 500 �m per shot of
graphite was eroded by an energy density of 30
MJ m−2. The enhanced graphite erosion can be
explained in terms of the volumetric energy depo-
sition causing significant bulk damage and the
eroded graphite being emitted in the form of
grains ranging in size between 1 and 40 �m. The
conditions in this facility, however, may not be
fully relevant to disruption conditions in toka-

Fig. 9. Time evolution of beryllium target surface temperature, droplet mass, and total vapor mass.
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maks because there are no such hot electrons
during a tokamak thermal quench disruption.

Plasma gun devices, which typically produce
low-temperature plasmas (T�1 keV) and high-
energy flux (up to 10–20 MJ m−2 deposited in a
pulsed duration of �1 ms), are more suitable
than electron or laser beams for simulating rele-
vant reactor disruption conditions. These facilities
are primarily used to study the underlying physics
of the plasma–surface interactions during disrup-
tions and quantify the resultant material target
erosion. One relevant gun-facility is the MK-
200UG, which can produce hydrogen and deu-
terium plasma streams with a total energy of 50
kJ and ion kinetic energy �1 keV in a magnetic
field of 2–3 T [24]. Target materials can be tested
at perpendicular as well as in an oblique plasma
incidence. The main disadvantage of this facility is
its very short pulse duration, i.e. t�40–50 �s,
which makes it suitable to simulate only the early
stages of a disruption in a next-step tokamak.
Quasi-stationary plasma guns such as VIKA and
QSPA generate plasma streams with sufficiently
long-pulse duration [22,23]. However, because of
the relatively low kinetic energy of the ions (Ei=
100–300 eV), and large plasma densities (�1022

m−3), a shock wave may arise during plasma
deposition and this could lead to a deceleration of
the plasma stream and to a ‘self-shielding’ effect
that mitigates the energy flux that reaches the
material surface and leads to an underestimation
of erosion when compared with actual tokamak
conditions.

Several experiments have been performed in
various plasma gun facilities, primarily to study
physical properties and shielding efficiency of
plasma vapor shields and the resultant material
erosion. In these experiments, the plasma temper-
ature and density distributions in the vapor
shielding layer are measured along with the lateral
leakage of radiation by Thomson scattering and
optical and soft X-ray interferometry. Material
erosion damage is generally measured by surface
profilometry and mass loss. Vapor shielding re-
duces erosion, at least to some extent, in most
disruption simulation facilities. The dependence of
the density and temperature of plasma vapor on
the incoming plasma flow and the target material

is generally in good agreement with theory [13].
At perpendicular plasma impact, the target
plasma expands upwards toward the plasma
stream along the magnetic field lines, and trans-
verse motion is inhibited by the strong magnetic
field. At oblique incidence, the vapor shield of
carbon material drifted in the direction of the
magnetic field lines, along the inclined target sur-
face, and the oblique magnetic field does not
totally prevent transverse plasma motion [28].
This mechanism depletes the shielding properties
and increases the erosion of a graphite target by
�50%. This finding was in agreement with mod-
eling predictions, carried out prior to the experi-
ments, to model the effect of vapor loss due to
instabilities [20]. Additional analysis is needed to
determine the underlying cause of this drift.

Recent gun experiments have also shown collat-
eral damage of nearby surfaces from radiation
emitted from the outermost regions in a well-
confined vapor cloud [28]. A graphite erosion of
0.35 �m per shot was caused by radiation emitted
from a plasma vapor that formed in front of a
tungsten target (�1 MJ m−2). This erosion is
similar to that observed for direct plasma impact
(0.4 �m per shot) at much higher heat flux (�15
MJ m−2). This finding is in agreement with re-
sults of modeling [29], and is attributed to the fact
that the shielding efficiency is lower under radia-
tion heat loads than under direct plasma impact.
The secondary radiation is, therefore, an impor-
tant consideration for the choice of divertor mate-
rials and geometry in future tokamak devices.

For CBMs, strong erosion with considerable
mass losses that exceed those from surface vapor-
ization is also observed in plasma-gun devices.
Experiments in the MKT facility have shown
emission of MPs [30]. Recently, experiments per-
formed in MK-200UG [31] and QSPA [32] have
also revealed macroscopic erosion mechanisms.

Several studies have also been carried out in
recent years to investigate the macroscopic ero-
sion of metals under disruption conditions [33].
Preliminary analysis of the microstructure of the
exposed metal surfaces has clearly shown the for-
mation of high-volume-bubble densities [34], with
traces of melted-metal droplets of light-Z materi-
als (e.g. aluminium) up to a few meters away from
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Fig. 10. Time dependence of tungsten melting and splashing
front with droplet shielding effect.

It was shown that decreasing Srad from 0.3 to
0.1 MW cm−2 increases the delay time from 60 to
600 �s, respectively [37]. This finding has two
significant implications. The first is that the level
of radiation power substantially increases the MP
erosion rate (from 100 �m at 0.1 MW cm−2 to
900 �m at 0.3 MW cm−2, without droplet shield-
ing). Second, it can explain why in some simula-
tion experiments, particularly with high-Z targets
such as tungsten, significant splashing was not
seen because the time duration of these simulation
devices is short, i.e. less than the time delay
required for Srad associated with such experi-
ments. Therefore, to adequately model and simu-
late the effect of tokamak instability events on
erosion lifetime, facilities with a time duration
�300 �s is needed. In the VIKA disruption simu-
lation facility [36], it was shown that for different
target materials, significant erosion starts after a
delay time similar to that predicted by models in
HEIGHTS [37].

Therefore, mass losses of divertor plate and
nearby components depend strongly on the dy-
namics and evolution of the vapor cloud and
droplets or MPs. The main concern is the time to
start ablation and the existence of both vapor and
droplet shielding. Mass losses and lifetime of
PFMs due to vaporization and ablation depend
strongly on interaction conditions that dictate the
existence or absence of both vapor cloud and
droplet shields. The vapor shield exists if the
vapor cloud is well confined by a strong magnetic
field. For a divertor plate, the existence of vapor
shielding depends on MHD instabilities in the
vapor cloud, which can lead to turbulent diffusion
across the magnetic field. In an inclined magnetic
field, turbulent diffusion leads to vapor flow and
loss (‘the vapor wind’) along the poloidal direc-
tion that decreases the efficiency of vapor shield-
ing. The blowing away of droplets or MPs by the
vapor wind is more serious because decreasing the
droplet shielding significantly enhances droplet
emission. For nearby components of the divertor
system, existence of shielding depends, in addi-
tion, on the geometrical locations relative to mag-
netic field structure.

Four erosion scenarios are possible during
plasma–target interaction [37]. Fig. 11 shows the

the target area. Bubble formation was also found
in electron-beam experiments [35]. Careful analy-
sis of the irradiated samples has also suggested the
possibility that hydrodynamic instability is a melt-
layer erosion mechanism that is in addition to the
volume bubble vaporization. Near the central ar-
eas of the sample where the velocity of the inci-
dent plasma stream along the sample surface is
near zero, the volume bubbles are seen clearly.
Near the sample peripheral areas, however, one
can see liquid droplets with long tracks, formed
because of the high velocity of the plasma stream.

Melt-layer erosion of much heavier materials,
such as tungsten, was shown to be very low in
plasma gun experiments [36] but is more likely to
be greater for longer (�1 ms) heat pulse dura-
tion. The HEIGHTS package is used to explain this
phenomenon in recent plasma-gun disruption sim-
ulation experiments. Fig. 10 shows the time de-
pendence of tungsten melting and
splashing-erosion depth for a low radiation power
level of 0.1 MW cm−2 on a tungsten surface
without the effect of droplet shielding (anticipated
in all laboratory simulation devices). The time
�delay required to heat the surface to a temperature
above the splashing condition (T�Tvap [Pv],
where Pv is plasma pressure above the target
surface) inversely depends on the square of in-
coming radiation power.
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erosion depth of both beryllium and graphite
targets for these cases with and without both
vapor shielding and droplet shielding. In Case 1,
i.e. absence of both shielding mechanisms (no
vapor shielding, i.e. vapor is not well confined and
there is no droplet shielding, so droplets are
splashed away from the incoming plasma), all
incoming power will be spent in splashing erosion
of the liquid surface. Erosion loss is very high,
and this case may represent a disruption simula-
tion device in which the incident plasma has a
very high dynamic pressure that exceeds the mag-
netic field pressure that is capable of blowing off
the initial vapor cloud and liquid layers. Case 1
may also resemble a tokamak condition in which
a strong MHD vapor turbulence develops and
leads to fast removal of vapor and droplets along
the target surface. In Case 2, without vapor
shielding and splashing (or ablation), all incoming
power will be spent in vaporizing the target sur-
face. This may occur if the vapor cloud is re-
moved for any reason and the target material
does not melt or splash–destruct.

In Case 3, with vapor shielding but without
droplet shielding (droplets are removed from in-
coming power), the net incoming radiation power
to the target surface is spent in splashing. This
situation can occur on nearby components during
a divertor plate disruption, in which the intense
photon radiation from the hot vapor cloud de-

posits its power at locations with different orien-
tations to the magnetic field lines; as a result, the
vapor cloud is not well confined. This may also be
true in many of the disruption simulation devices,
such as plasma guns and electron beams where
the cross section of the plasma or particle flow is
small and the MPs flight time in the vapor cloud
is inadequate to absorb the incoming radiation
power and further shield the target surface. This
can also occur under tokamak conditions with
moderate levels of turbulence, in which the vapor
wind is strong enough to blow away droplets but
not strong enough to remove all vapor; thus, the
remaining vapor cloud has enough depth to stop
most incoming plasma particles and radiate back
the deposited power. Ablation can increase mass
losses by �4–5 times. Therefore, droplet removal
is critical because the result of droplet shielding is
that all of the radiation from the vapor cloud goes
to the target surface to be spent in vaporization,
mostly through the intermediate process of
droplet emission and further vaporization during
droplet flight across the vapor cloud.

The fourth Case is the most desirable and can
be realized in a tokamak device if the vapor cloud
is well confined and without MHD effects. Under
such conditions, a well-confined vapor and
droplet cloud can reduce erosion losses by up to
two orders of magnitude. It should be noted that
these results are valid at longer time t��delay, i.e.
when the surface temperature achieves its quasi-
stationary value in stable vapor plasma. For
shorter times, vaporization losses in the case of
vapor and droplet shielding can be calculated
directly. However, the liquid droplets or pieces of
CBMs, simply stated as MPs, that are ejected near
target edges and/or are large or moving with
higher velocities will not have sufficient time to
completely vaporize and shield the target surface,
therefore, erosion lifetime is lower. In addition,
higher droplet velocities due to the drag force of
the fast-expanding vapor, or due to the high
explosive pressure in the brittle destruction mech-
anism, can increase mass loss because the droplets
will spend less time in the hot vapor cloud.

The observed increase in the eroded area, which
is larger than the footprint of the incident plasma
flow in some simulation experiments, can be ex-

Fig. 11. Erosion depth of berylium and carbon targets for
various cases with and without vapor and droplet shielding
effects.
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plained as the result of the interaction of vapor
radiation with the target surface outside the
plasma flow spot [33] or as being due to the
developed MHD instabilities in the vapor cloud
[20]. In addition, slight shifting of the vapor cloud
due to the [Eb ×Bb ] force may also occur along the
target. However, these problems have not been
well investigated and require more analysis and
simulation.

To summarize the simulation results, we may
say that overheating the plate surface causes MPs
and droplets to be ejected–splashed upstream and
away from the surface. These particles then ab-
sorb some part of the incoming vapor radiation.
The net fraction of radiation power that reaches
the divertor surface is determined mainly by the
ratio of the vaporization to splashing energies.
The distance L at which MPs or droplets are
completely vaporized is �1 cm. Therefore, the
mixture of vapor and MPs exists only very near
the divertor surface. Despite initial large splashing
erosion, total erosion of the divertor plate is
defined only by vaporization losses, including
both divertor plate vaporization and MP vapor-
ization. Again, this is true only if both the vapor
cloud and the splashed droplets are well confined
in front of the disrupting plasma. However, loss
of vapor confinement can occur as a result of the
MHD instability that arises from distortion of the
oblique magnetic field lines by the expanding va-
por plasma [20]. In this case, the developed turbu-
lence leads to vapor flow along the divertor plate
surface. Due to this flow, K–H instability of
unstable surface waves occurs and leads to
splashing.

This vapor flow blows both vapor and droplets
along the target surface, reducing vapor shielding
efficiency because of vapor cloud removal. In
addition, efficiency of droplet shielding is reduced
because droplet exposure time in the depleted
vapor is decreased. Efficient vapor shielding that
protects the divertor plates from high heat loads
means that �90% of incoming power is radiated
to nearby locations. Therefore, the problem of
erosion of other parts in a closed divertor system
becomes more serious. It was shown both experi-
mentally [28] and theoretically [29] that interac-
tion of this ‘secondary’ radiation with other

components leads to the same consequences as the
primary interaction of the SOL plasma, i.e. vapor
cloud formation, splashing, etc. Moreover, it may
be very difficult for such vapor clouds to be well
confined, especially if the magnetic field angle of
inclination with variously oriented surfaces is very
low. Erosion of such nearby components could be
estimated, as done in Case 1 on Fig. 11, because
of the absence of both shielding effects.

6. Effects of long-duration plasma instabilities

Thermal-quench disruptions and ELMs have
no significant thermal effect on structural materi-
als and coolant channels, because deposition time
is short (�10 ms). However, VDEs (duration
100–300 ms), and runaway electrons (deeper pen-
etration depth), in addition to causing severe sur-
face melting and erosion, can substantially
damage these components [2]. One concern is the
higher temperature observed in the structural ma-
terial, particularly at the interface with the coating
materials. Elevated temperatures and high ther-
mal stresses in the structure seriously degrade the
integrity of the interface bonding; this may lead to
detachment of the coating from the structural
material.

The surface temperature of the copper-structure
during a VDE has been calculated for different
surface coated materials such as tungsten, beryl-
lium, and carbon tiles. As an example, Fig. 12
shows the surface temperature of a 5-mm-thick
copper substrate at its interface with 5-mm-thick
tungsten and beryllium coatings and 20-mm-thick
carbon tiles during a typical VDE releasing to the
surface about 60 MJ m−2 in 300 ms [1]. Under
reactor conditions, the tile thickness is determined
by the surface temperature limitations during nor-
mal operation. With a tungsten coating, the cop-
per surface interface can actually melt. For the
given conditions, only beryllium coatings of rea-
sonable thickness (�5–10 mm) or very thick
carbon tiles (�20 mm) can withstand the accept-
able temperature rise in the copper structure, be-
cause most of the incident plasma energy is
removed by beryllium’s higher surface vaporiza-
tion rate, which leaves little energy to be con-
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Fig. 12. Time evolution of surface temperature of copper
substrate with various surface coating materials.

processes that lead to vapor and droplet forma-
tion and shielding. Two separate mechanisms of
material erosion occur during plasma disruptions,
atomic vaporization from the target surface and
ablation in the form of MPs (i.e. liquid metal
droplets or macroscopic pieces of CBMs). Abla-
tion can be attributed to hydrodynamic instabili-
ties, volume-bubble boiling (metallic materials),
thermal stresses, and pore explosion (brittle mate-
rials), A HEIGHTS-package numerical simulation
was carried out with new models for dynamic
evolution and interaction of MPs with an inho-
mogeneous vapor cloud.

The ablation mechanism plays a more impor-
tant role because the required threshold energy
needed for ablation is much less than the energy
of vaporization. It can lead to significant mass
losses if the ejected MPs are removed quickly
before they are completely vaporized. In the ab-
sence of strong plasma and vapor wind or vapor
turbulence diffusion, a new process, named
‘droplet shielding’, takes place and leads to signifi-
cant reduction in total mass losses from the target
surface. The shielding efficiency of both vapor
and droplet shielding in well-confined vapor
plasma can exceed 95% for candidate materials
like lithium, beryllium, and carbon.

In a typical disruption of an ITER-like ma-
chine, of �d�1 ms; the predicted mass losses per
disruption are on the order of Xloss(Li)�750 �m,
Xloss(Be)�30 �m, and Xloss(C)�22 �m. These
values may seem acceptable from an engineering
point of view; however, one should note that all
of the above analyses assumed no vapor–plasma
wind or turbulence diffusion along the divertor
plate surface. In such a case, the actual erosion
values of the divertor plate and nearby compo-
nents will be significantly increased. In addition,
the deposition of eroded and splashed materials
on reactor components can adversely affect
plasma performance. The use of a renewable ma-
terial such as free-surface liquid lithium may sig-
nificantly extend the lifetime of PFMs and
substantially enhance the tokamak concept for
power-producing reactors. In general, major
plasma instabilities must be avoided or their fre-
quency be significantly reduced.

ducted through the structural material [1]. There-
fore, beryllium and carbon coating materials will
suffer significant surface erosion while protecting
the structural copper substrate. A thin (�1–2-
cm-thick) free-surface layer of a liquid metal such
as lithium would be ideal to completely protect
the structure and offer unlimited PFC erosion
lifetime. Lithium is shown in Fig. 12 only for
comparison. The temperature rise in copper struc-
ture is very small when lithium is used. The
structural materials will, therefore, exhibit no
high-temperature effects during the VDE because
the liquid metal will remove the heat by either
convection (moving film) or intense vaporization
(stationary film). However, problems related to
plasma–free-surface liquid–metal interactions
during normal operations must be carefully
examined.

7. Summary and conclusions

Mechanisms of material erosion and lifetime
during plasma disruptions are modeled in detail.
Erosion of plasma-facing materials is governed by
both the characteristics and distribution of inci-
dent plasma particles from the SOL, as well as by
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