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Abstract

Loss of plasma confinement causes surface and structural damage to plasma-facing
materials (PFMs) and remains a major obstacle for tokamak reactors. The deposited
plasma energy results in surface érosion and structural failure. The surface erosion
consists of vaporization, spallation, and liquid splatter of metallic materials, while the
structural damage includes large temperature increases in structural materials and at the
interfaces between surface coatings and structural members. Comprehensive models
(contained in the HEIGHTS computer simulation package) are being used self-
consistenfly to evaluate material damage. Splashing mechanisms occur as a result of
volume bubble boiling and liquid hydrodynamic instabilities and brittle destruction
mechanisms of nonmelting materials. The effect of macroscopic erosion on total mass
losses and lifetime is evaluated. The macroscopic erosion products may further protect
PFMs from severe erosion (via the droplet-shielding effect) in a manner similar to that of

the vapor shielding concept.

*Permanent address: Troitsk Institute for Innovation and Fusion Research, Russia.




1. Introduction

Interaction of powerful plasma and particle fluxes with plasma-facing materials
(PFMs) due to loss of plasma confinement in a tokamak can cause significant damage to
exposed surfaces and nearby components. Erosion and structural damage remain major
obstacles to a successful tokamak reactor concept. The extent of such damage depends
on the detailed physics of the disrupting plasma, the physics of plasma/material
interactions, and the design configuration of the plasma-facing components (PFCs).
Plasma instabilities such as hard disruptions, edge-localized modes (ELMs), and vertical
displacement events (YDES) can cause both surface and bulk damage to surface and
structural materials {1]. Surface damage includes high erosion losses from surface
vaporization, spallation, and melt-layer erosion. Bulk damage includes large temperature
increases in structural materials and at the interfaces between surface coatings and the
structure, resulting in high thermal stresses, possible melting, and material fatigue and
failure. The transport and deposition of the eroded surface materials to nearby
components are also of mgjor concern for plasma contamination and for successful and

prolonged plasma operation following instability events.

The comprehensive computer simulation package High Energy Interaction with
General Heterogeneous Target Systems (HEIGHTS) has been developed and used to
study in detail the various effects of sudden high-energy deposition of different sources
on target materials [2]. The HEIGHTS package consists of several integrated models that
follow the beginning of a plasma disruption at the scrape-off layer (SOL) to the transport
of the eroded debris and splashed target materials that result from the deposited plasma
energy. To evaluate the magnitude of various damage mechanisms caused by plasma
instabilities, comprehensive 2-D radiation magnetohydrodynamic (MHD) models are
implemented in the HEIGHTS package by using advanced numerical techniques such as
Particle-in-Cell and Ray Tracing methods. Detailed physical models of plasma/solid-

liquid/vapor interaction in a strong oblique magnetic field have also been developed, in a




fully self-consistent 2-D heat conduction with phase change and thermal hydraulic

models that are coupled with radiation and vapor MHD models.

Our present work focuées mainly on modeling the behavior and macroscopic
erosion of metallic surfaces with a liquid layer that is subject to various forces, as well as
on explosive erosion and the characteristics of brittle-destruction erosion of carbon-based
materials (CBMs). Total erosion damage to PFCs due to plasma instabilities should
include surface vaporization loss, erosion damage to nearby components from intense
vapor radiation and deposition, and macfoscopic erosion from liquid-metal splashing and
brittle destruction of CBMs. Lifetime estimates of PFMs due to disruption erosion in a
tokamak device are presented. Other factors that influence the lifetime of target materials
and nearby components, such as loss of vapor-cloud confinement and vapor removal due
to MHD effects and damage to nearby surfaces due to intensive vapor radiation can be
studied with the HEIGHTS package.

2. Erosion Mechanisms

The vapor cloud that quickly develops above the surface material during a
disruption, if well confined, will shield the original surface from the incoming energy
flux and significantly reduce the heat load onto the exposed plate surface [1,3]. This
shielding layer completely absorbs the incoming particle flux and as a result, the vapor
cloud is heated to temperatures of up to several tens of eV. At such temperatures, the
vapor plasma radiation W;,q becomes comparable with the incoming power Wi,
Because of absorption by a colder, denser, and correspondingly more optically thick
vapor plasma near the exposed surface, radiation power to the plate surface is

significantly decreased.

2.1  Surface vaporization
To calculate the shielding efficiency of vapor cloud in protecting PFMs, detailed
physics of plasma/vapor interactions have been modeled. The models include plasma-

particle slowdown and energy deposition in the éxpanding vapor, vapor h.eating,




excitation, and ionization, and vapor-generated photon radiation. The detailed vapor
motion above the exposed surface is calculated by solving the vapor MHD equatiohs for
conservation of mass, momentum, and energy under the influence of a strong magnetic
field [2]. A significant part of the incident plasma kinetic energy is quickly transformed
into vapor-generated photon radiation. Therefore, multidimensional models for photon
transport throughout the expanding vapor cloud have been developed to calculate the net
heat flux that reaches the original disruption surface of PFCs, as well as the radiation
heat load reaching various nearby components. This net heat flux reaching the surface
will then determine the net erosion from surface vaporization and erosion from liquid

splashing and brittle destruction of PFCs during these instabilities.

Figure 1 shows a typical time evolution of a tungsten-surface temperature, melt-

layer thickness, and vaporization losses during a disruption for an incident plasma

energy of 10 MJ/m2 deposited in a disruption time of 1 ms, as predicted by the
HEIGHTS package [2]. An initial magnetic field strength of 5 T with an incident angle
of 2°is assumeci in this analysis. The sharp initial rise in surface temperature is due to
the direct energy deposition of incident plasma particles at the material surface. The
subsequent decrease in surface temperature is caused by the shielding effect of the
eroded material accumulated above the target surface. The subsequent target behavior is
determined mainly by the energy flux from the emitted photon radiation in the vapor
cloud. HEIGHTS calculations predict that radiation power W; onto the target surface is
<10% of the original incident power (W; < 0.1 W;,) because of the shielding effect [3].
As vapor accumulates above the surface, it becomes more opaque to photon radiation,
and therefore less energy is transmitted to the target surface, in turn resulting in less

splashing and vaporization.

.2.2 Macroscopic liquid erosion and brittle destruction

Net radiation power reaching the target surface will result in surface vaporization
and surface ablation, i.e., mass loss in the form of macroscopic particles. Modeling
predictions have shown that surface vaporization losses of metallic materials are small

(only a few micrometers deep; see Fig. 1) due to the self-shielding effect over a wide




range- of plasma conditions during shorter plasma instabilities. However, for a liquid
metal surface, ablation was predicted theoretically to be in the form of macroscopic metal
droplets due to splashing of the molten layer [4]. Simulation experiments to predict
erosion of candidate PFMs during a plasma disruption have also shown that erosion of
metallic materials (such as W, Be, Al, and Cu) can be much higher than mass losses due
only to surface vaporization. These mass losses depend strongly on experimental
conditions such as level of incoming power, existence of a strong magnetic field, target
inclination, etc. [5-7]. The mass losses are found to be in the form of liquid metal
droplets with average sizes of a few tens of micrometers leaving the target surface with
velocities V = 10 m/;. Such ablation occurs as a result of splashing of the liquid layer
mainly due to boiling and explosion of gas bubbles in the liquid, absorption of plasma
momentum, and hydrodynamic instabilities developed in the liquid layer from various
forces [8].

Hydrodynamic instabilities (such as Kelvin-Helmholtz and Rayleigh-Taylor
instabilities) can occur if the vapor plasma is not well confined by the magnetic field and
vapor flow occurs along the target surface [9]. Volume bubble boiling [4,10] usually
occurs from overheating of the liquid metal above the vaporization temperature at which
saturation pressure is equal to the outer pressure of the vapor plasma above the exposed
target surface. Therefore, splashing erosion energy is roughly equal to the sum of the
thermal energy (required to heat the liquid above a certain temperature, i.e., melting
temperature for hydrodynamic instabilities and vaporization temperature for bubble
boiling), melting energy (i.e., heat of fusion), and kinetic energy of the droplets. The
kinetic energy of the splashed droplets is determined from the surface tension of the
liquid metal.

Nonmetallic materials such as graphite and CBMs have also shown large erosion
losses significantly exceeding that from surface vaporization. This has been observed in
various disruption simulation facilities such as electron beams [11], laser [12], and plasma
guns [13]. This macroscopic erosion of CBMs depends on three main parameters: net

power flux to the surface, exposure time, and threshold energy required for brittle




destruction. The required energy for brittle destruction is critical in determining the net
erosion rate of CBMs; for a graphite similar to MPG-9 graphite, it is estimated to be =10
ki/g, or 20 kJ/cm® [13]. As an example, assuming a net power flux to the material surface
during the disruption of =300 kW/cm?, the deposited energy for a time of 1 ms is =0.3
kJ/cm?, which then results in net erosion of =150 pm per disruption. This value is
significantly higher than that predicted from pure surface vaporization of =10 pm per
disruption for CBMs [14]. Therefére, more-relevant experimental data and additional
detailed modeling are needed to evaluate the erosion of CBMs, which strongly depends on

the type of carbon material.

To correctly predict macroscopic erosion due to ablation, a four-moving-
boundaries problem is solved in the HEIGHTS package. 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. Immediately following the surface vaporization front is a third moving
boundary due to the melt-splashing front. Finally, the fourth moving boundary is at the
liquid/solid interface, which further determines the new thickness of the melt layer.
These moving boundaries are interdependent, and a self-consistent solution must link
them dynamically and simultaneously. The third moving boundary (the liquid splashing
front) will, however, determine the extent of metallic PFC erosion and, lifetime due to
plasma instabilities. The SPLASH code, part of the HEIGHTS package, calculates mass
losses by using a splashing-wave concept as a result of each erosion-causing mechanism

[15]. Thus, total erosion is calculated from the sum of all possible erosion mechanisms.
3. Macroscopic or Droplet-Shielding Concept

The ejected macroscopic particles from CBMs or splashed droplets from liquid
surfaces (both referred as MP) will also form a cloud near the target surface. Therefore,
accurate calculations of mass losses require full description of the media near the target
surface, which consist of a mixture of vapor and droplets/macroscopic particles moving

away from the surface. Photon radiation power from the upper vapor regions will then be




absorbed by the target surface, as well as by the mixture of both vapor and droplets cloud
above the surface. This will result in more surface vaporization of both target and droplet
surfaces. Therefore, in such a mixture of erosion products, further screening of the
original target surface occurs due to MP. This has the effect of reducing photon radiation
power to the target surface. Such screening is called "droplet shielding" in an analogy to
the vapor shielding effect [1]. Figure 2 is a schematic illustration of the droplet or
macroscopic shielding concept during plasma/material interaction following loss of
plasma confinement. Features of droplet shielding and its influence on total mass loss are
given below for the cases of volume bubble boiling with homogeneous velocities of
droplets in momentum space, and Rayleigh-Taylor instability with droplets that move

normal to the surface preferentially.

Heating of the target surface is due mainly to photon radiation, heat conduction,
and direct particle impingement from the SOL to the surface. During a quasistationary
phase, vapor heat-conduction downstream, i.e., Wy = k,VT, is equilibrated by the heat
flux upstream, i.e., Weony = Cv Vyapor T, carried by the vapor flux away from the surface,
where ky is vapor heat conductivity, cy is vapor specific heat, and V.o is vapor velocity

upstream:

WK= Kv VT = Wconv= c. TV 1

VvV~ vapor’ >

The net heat flux Wpet = Wy — Weony toward the surface is very small. This is usually the
case when radiation power to the surface exceeds a few hundred kW/cm® where intense
vaporization takes place depending on target material properties (temperature and energy
of vaporization). Therefore, the net heat flux from vapor cloud to target surface can be

. neglected in comparison with vapor cloud radiation.

Much of the radiation reaching the target surface is usually emitted by a narrow
layer some distance from the target surface, with a vapor temperature approximately
equal to the vapor-plasma ionization temperature, since photons with short wavelengths

from hot regions are absorbed by the colder and more denser plasma. For candidate
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materials such as W, C, Be, and Li, the luminance temperature is governed by Tmex 0f a
few eV, depending on the atomic number; therefore, radiation power to target surface is
~Wra = 0T* < 1 MW/em®.

At longer times, heat conduction into the target plate is proportional to t12 and
can be neglected. Thus, most radiation coming to the target surface is spent in erosion,
i.e., mass losses due to vaporization and ablation. Consideration of droplet shielding will
further be provided by using an analytical solution to provide insight to the role of the
various physical and material processes controlling overall erosion mechanisms during
disruptions. The analytical solution is complementary to the detailed numerical models
used to study vapor and droplet shielding phenomena and that are implemented in the
HEIGHTS package.

The emitted MP usually have a distribution in both particle size and velocity. For
the analytical solution, we consider only particles with an average radius Rq and velocity
U in the normal direction to target surface. Heat conduction from the vapor to MP is very
small and is neglected; thus MP are heated only by photon radiation. Because MP will
absorb some of the photon radiation, only part of this radiation, W, achieves the plate
surface, Ws < W,, where W, is the total photon radiation flux toward the target surface
that is generated at greater distances from the surface where the hot vapor plasma exists.
This part of the radiation reaching the surface is also spent in additional vaporization and
ablation, i.e., MP formation. Because vaporization energy per gram qy is much higher
than the energy for ablation qq, surface radiation power is mostly spent in MP formation.
The number of MP per unit volume, i.e., density of MP nq,, with an average radius Ryo

leaving the surface with a velocity Vg is given by

= : =4, R3
D= qudOU , Where Vdo 31th0 R V3]
9y =qu+Aq, g, =c,T,and Ag=q,+ q;, €))




where qua is destruction energy (for liquid splashing or brittle destruction), q, is the
energy required to separate MP from the surface, g is kinetic energy of MP, ¢y is
specific Eeat, and Ty is vaporization temperature, i.c., the saturation temperature at the
corresponding vapor pressure above the target surface. Both qx and g, are calculated to

be very small compared to qg and will be ignored in the analytical solution.

Because ejected MP from target surface will absorb photon radiation, the equation

for the spatial variation of the radiation power W is

dwWw _ W. , _ 1 . __. 2
ax = 1v’1v-ndo»°-C“Rd’ @)

where { is absorption coefficient, { < 1, and 1, is mean path length of photons. The

absorbed energy is mainly spent in the vaporization of MP:

dv
—_d__W
U = q, c. . 5)
Equations 4 and 5 have a solution with the ratio between W; and W, given by
W q '
s 1 v
== —=  and A=—% ©6)
Wo 1+ 9,

Therefore, radiation power to the surface decreases by a factor (1+A)” due 1.:0 droplet
shielding. For a lithium target, q4 (T = 1290 K) = 2.55 kJ/cm® and gy = 9.33 kJ/cm?; thus
A = qy/qs = 3.66, and Wy/Wj = 0.2, i.e., only =20% of the incoming radiation energy is
deposited directly on the target surface. '

It is interesting to note that W does not depend on other parameters such as MP
initial radius Ry or velocity U, which are not well defined. This means that the ratio
Ws/Wy does not depend on size or velocity distributions of the ejected MP, but only on
energies of destruction qq and vaporization q,. Therefore, this prediction is valid for an

arbitrary distribution of droplet velocities in momentum space.

The distance L at which MP are entirely vaporized, i.e., when R4 = 0, can then

given by




L ;79 4 _ Vo
Rdo_UWoE.F’ F—

ug ? (7
1 1/1+uo+u% qu_
—3111 1-u, J_aICtg 2+u,y ?

—3[ A (8)
uO 1+A °

Usually, 10 > A >1; thus uo =1 and 1 <F <20. For example, for a liquid lithium
target, F (A=3.7)=7.85and for { = 1;

TL_ -7 U(_m/s) . ©)
@0 W (MW/cm®)

The average droplet size R4 and the average velocity U were measured only for an
Al target in disruption simulation experiments [5,7]. According to the experimental
results, droplet velocity is U = 10 m/s and Ry, is a few tens of micrometers, Rgo = 103 cm.
The radiation power to a divertor surface during a plasma disruption is calculated to be
Wo= 0.8 MW/cm? for a lithium target [1]. If the lithium droplets have similar size and
velocity distribution as the Al droplets, they will be vaporized at a distance L = 100 Ryo,
ie,L<lcm.

Carbon-based materials vaporize in the form of mon- and multiatomic molecules -
Ci1, C,, Cs, etc., depending on surface temperature. For a carbon divertor plate, the
vaporization energy for sublimation is in the form of monatomic gas: qv (C;) = 134
kJ/cm® and Ty = 4473 K. Therefore, a minimum value of qg = 11.2 kJ/ cm’ yields A (C1)
= 10 and W¢/Wj = 0.1, i.e., <10% of incoming radiation power is directly deposited at the
target surface. Then for F (A=10)=20and {=1;

(10)
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The vaporization energy of sublimation in the form of triatomic molecules: qv (C;) = 40

kJ/em?, thus A(C3) = 3.6 and W/W = 0.22. Then for F (A =3.6) = 6.63 and {=1;

U(m/s)
0 LA (MW /cm?)

(1D

The MP size from experiments at the MKT facility was shown to be Rq < 10 pm [16].
Because of the more radiative nature of carbon elements, the radiation power to the target
surface during disruption is calculated to be less than that for a lithium target, i.e., Wo <
0.5 MW/cm?, thus L (C;) = 4000 Rgoand L = 4 cm; and for L (Cs) = 1300 Ry givesL =1
cm. Greater MP flight distances are usually due to higher heat of vaporization.

It is also important to take into account that graphite grains with size less than 10
pum can easily be split into crystallites measuring a few hundreds of Angstroms.
Therefore, it is expected for a graphite target that eroded dust can be vaporized at even

shorter distances above the target surface.

In the above analysis, it was assumed that the MP are emitted normal to the target
surface. It is important to consider that some MP are emitted near the target edge with
bandwidth Ay < L and therefore will not be fully vaporized. A fraction of MP miass =
2L/Lg, where Lqis target width, leaves the vapor cloud without being vaporized and is -
redeposited on nearby components. Nevertheless, total erosion mass loss can increase by
the ratio = 2L/Lg (1+A). This could be particularly significant in disruption simulation
experiments where the exposed target is of the order of MP vaporization length L and

therefore the actual erosion is substantially over estimated in reactor conditions.

Vapor flow along the target surface due to hydrodynamic turbulence that is excited
by modes of flute-type instability in an inclined and strong magnetic field can be
important for two reasons. First, such flow can excite Kelvin-Helmholtz instability of
capillary waves in the molten layer surface and can cause additional splashing and

droplet formation during the nonlinear stage of these waves. Second, droplets blown
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away because of vapor wind will have high velocity components along the vapor wind
direction, i.e., along the plate surface. Such droplets will have a much shorter flight time
in the hot vapor cloud and therefore will have no time to absorb the incoming radiation
energy through droplet vaporization. Therefore, mass losses in this case can also be
significant. The existence of such turbulence remains unclear up to now and requires

further modeling and simulation experiments.

4, Total Mass Losses and Lifetime of PFMs

Numerical calculations have shown that there are several stages of plasma flow
interaction with target materials. Initially, SOL particles interact directly with the target
surface. Due to the high power load, the material surface is heated to a temperature
sufficient for intense vaporization. A vapor cloud is quickly formed with enough mass to
stop SOL particles and the vapor is heated to temperatures of a few tens of eV.
Therefore, most deposited plasma power is radiated back by the shielding vapor layer.
The shielding layer forms in time duration, Tvapor, Of =10-20 ps. Target surface
temperature decreases due to reduction of radiation power at the surface, and only after
some time, Tcond, the surface temperature rises again and reaches a "vaporization
temperature” sufficient to start volume-bubble boiling or brittle destruction. This
vaporization .temperature corresponds to the saturation temperature at the vapor-cloud
pressure of a few tens of atm. Then, after time 2 Tgetay = Tvapor + Teond, the process has a
quasistationary character in which the radiation power to the surface is spent for

vaporization, droplet emission, and heat conduction into the target bulk.

The Tcona depends on the incoming radiation power to the surface and material

thermodynamic properties. It can be estimated by
T ~ .CLK'..I‘.Y—
cond w2 (12)

where C, is target specific heat, x is target thermal conductivity, Ty is vaporization

temperature, and W, is power to the target surface. It can be seen from Eq. 12 that Tcong is

12




linearly proportional to vaporization temperature; therefore, strong mass losses due to
ablation of high-boiling materials starts only after a longer delay. The delay time Tdelay 18
calculated for the candidate materials Be, C, and W to be = 70, 150, and 300 us,

respectively.

The time dependence of both melting and splashing fronts of a tungsten target for
a net radiation power to the surface of 100 kW/cm? is shown in Fig. 3. The melting front
moves initially with time as t'12 for time t < Taelay - When splashing starts at temperature
T = Ty, and liquid droplets are removed, the distance between the splashing surface and
the melting front remains constant. This means that all incoming radiation power is spent

for splashing.

Figure 4 shows the time dependence of tungsten splashing-erosion depth for
various radiation power levels on a tungsten surface without droplet shielding effect. The
time Taelay required to heat the surface to a temperature above the splashing condition (T >
Tvap (Pv), wWhere Py is plasma pressure above the target surface) depends on incoming
radiation power Srq as S2. Tt can be seen that decreasing Srq from 0.3 MW/cm® t0 0.1
MW/cm? increases the delay time from 60 ps to 606 us, respectively. This finding has
two significant implications. First is that the level of radiation power substantially
increases the MP erosion rate (from 100 pm at 0.1 MW/cm? to 900 pm,at 0.3 MW/cm?,
without droplet shielding). Second, it can explain why in some simulation experiments
that significant splashing, particularly with high-Z targets such as tungsten, was not seen
because of the short time duration of these simulation devices which is less than the time
delay required for Sraq associated with such experiments. Therefore, for adequate
modeling and simulation of the effect of tokamak instability events on erosion lifetime,
facilities with long time duration of more than 300 ps are needed. In the VIKA
disruption simulation facility [17], it was shown that for different taréet materials,

significant erosion starts after some delay time similar to that predicted by Eq. 12.

Therefore, mass losses of divertor plate and nearby components depend strongly

on the dynamics and evolution of the vapor cloud and droplets or macroscopic particles.
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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 dictating 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 result in turbulent diffusion across the
magnetic field. In an inclined magnetic field, turbulent diffusion results in vapor flow
and loss (“the vapor wind”) along the poloidal direction that decreases the efficiency of
vapor shielding. Blowing away of droplets or MP 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 addition, on

the geometrical locations relative to magnetic field structure.

There are four possible erosion scenarios during plasma/target interaction. Figure
5 compares the erosion depth of both Be 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 that 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 simulation device in which the
incident plasma has a very high dynamic pressure exceeding the magnetic 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
result in fast removal of vapor and droplets along target surface. In case 2, without vapor
shielding and splashing (or ablation), all incoming power will be spent in vaporizing the
target surface. This may occur if the vapor cloud is removed 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 incoming power), the net incoming radiation power to target surface is

spent in splashing. This situation can occur on nearby components during a disrupﬁon on
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the divertor plate, in which the intense photon radiation from the hot vapor cloud deposits
its power at locations with different orientations 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 plasma or particle
flow has a small cross section and MP do not have enough flight time in the vapor cloud
to absorb the incoming radiation power and shield the target surface. This can also occur
in 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 of by = 4-5 times.
Therefore, droplet removal is critical because droplet shielding results in all radiation
from the vapor cloud going 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 with no MHD effects. Therefore, a well-confined vai:or
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 > Tgelay, i.€., When the surface
temperature achieves its quasistationary value in a stable vapor-plasma. For a shorter
time duration, vaporization losses in the case of vapor and droplet shielding can be
calculated directly. However, droplets and macroscopic particles that are ejected near
target edges and/or having larger sizes 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
mechanism, 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 explained as the result of
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vapor-radiation interaction with the target surface outside the plasma flow spot [2] or as
the result of MHD instabilities in the vapor cloud [18]. In addition, slight shifting of the

vapor cloud due to [ExB] 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 resulté, overheating of the plate surface causes
macroscopic particles and droplets to be ejécted/splashed upstream and away from the
surface. These particles then absorb some part of the incoming vapor radiatioﬁ. The net
fraction of radiation power reaching the divertor surface is determined mainly by the ratio
of vaporization to splashing energies. The distance at which macroscopic particles or
droplets are completely vaporized is about L <1 cm. Therefore, the mixture of vapor
and macroscopic particles 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 vaporization. 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 instabilftj' that arises due to distortion of the oblique magnetic field lines by the
expanding' vapor plasma [18]. In this case, the developed turbulence results in vapor flow
along the divertor plate surface. Due to this flow, Kelvin-Helmholtz instability of
unstable surface waves occurs, resulting in splashing. Second, 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

due to decreased droplet exposure time in the depleted vapor.

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 experimentally [19] and theoretically [20] that interaction of this
“secondary” radiation with other components results in 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
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the magnetic field angle of inclination with different oriented surfaces is very low.
Erosion of such nearby components could be estimated as done in case 1, because of the

absence of both shielding effects.

Thermal-quench disruptions have no significant thermal effect on structural
materials and coolant channels, due to the short deposition time. However, VDEs, in
addition to causing severe surface melting and erosion, can result in substantial damage
to these components [1]. One concern is the higher temperature observed in the
structural material, particularly at the interface with the coating materials. Higher
temperatures cause high thermal stresses in the structure and seriously degrade the
integrity of the interface bonding, which may lead to detachment of the coating from the
structural material. The copper-structure surface temperature during a VDE has been
calculated with different tungsten, beryllium, or carbon tiles/coatings. With a tungsten
coating, the copper surface interface can actually melt. Only beryllium coatings of
reasonable thickness (<5-10 mm) or very thick carbon tiles (>20 mm) can withstand the
acceptable temperature rise in the copper structure for the conditions shown. However,
beryllium and carbon coating materials will suffer significant surface erosion while
protecting the structural copper substrate. A thin free-surface layer (=1-2 cm thick) of a
liquid metal such as lithium would be an ideal solution to completely protect the structure
and offer unlimited PFC erosion lifetime. The structural materials duﬁqg the VDE will
have no high-temperature effects 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.

5. Conclusions

Erosion of plasma-facing materials is governed by both the characteristics and
distribution of incident plasma particles from the SOL, as well as by processes resulting
in vapor and droplet formation and shielding. Models and theories have been developed

for material erosion during intense deposition of energy on target surfaces. Most mass
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losses resulting from plasmal/target interaction during plasma instabilities are from
ablation, i.e., emission of droplets due to liquid splashing or macroscopic particles as a
result of brittle destruction. Therefore, a mixture of vapor cloud and macroscopic
particles exists near the target surface. Influence of such “aerosol” on vapor cloud
dynamics and the net heat load onto the target surface depends on the geometrical
location of the divertor system and the existence of MHD turbulence of the vapor plasma
in an oblique and strong magnetic fields. Various cases of existence or absence of vapor
and droplet cloud shielding, as well as the existence of MHD instabilities, are considered
and the corresponding mass losses are estimated, as are lifetimes of plasma-facing
materials. The use of a renewable material such as free-surface liquid lithium may
significantly extend the lifetime of PFMs and substantially enhance the tokamak concept
for power-production reactors. In general, plasma instabilities must be avoided or
sharply minimized. Moreover, the effects of redeposited debris from the eroded materials

on plasma contamination and on subsequent reactor operations must be further studied.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure Captions
Time evolution of tungsten surface temperature, melt layer, and
vaporization thickness during plasma instabilities.

Schematic illustration of droplet and macroscopic shielding concept

during plasma/material interaction following plasma instabilities.

Time dependence of melting and splashing fronts due to radiation power
to tungsten target.

Effect of net radiation power to target surface on tungsten totel splashing
thickness without droplet shielding.

Effect of vapor-cloud shielding and macroscopic particle/droplet shielding

on total mass loss for Be and C during disruption.
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