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Abstract 

The behavior of divertor materials during a major disruption in ITER is very important to successful and reliable 
operation of the reactor. Erosion of material surfaces due to a thermal energy dump can severely limit the lifetimes 
of plasma-facing components and thus diminish the reactor's economic feasibility. A comprehensive numerical model 
has been developed and used in this analysis, which includes all major physical processes taking place during 
plasma/material interactions. Models to account for material thermal evolution, plasma/vapor interaction physics, 
and models for hydrodynamic radiation transport in the developed vapor cloud are implemented in a self-consistent 
manner to realistically assess disruption damage. The extent of self-protection from the developed vapor cloud in 
front of the incoming plasma particles is critically important in determining the overall disruption lifetime. Models to 
study detailed effects of the strong magnetic field on the behavior of the vapor cloud and on the net erosion rate have 
been developed and analyzed. Candidate materials such as beryllium and carbon are both considered in this analysis. 
The dependence of divertor disruption lifetime on disruption physics and reactor conditions was analyzed and 
discussed. 

1. Introduction 

Disruption damage to plasma-facing materials 
(PFMs) in a magnetic fusion reactor is a major concern 
for safe, successful, and reliable reactor operation. The 
intense deposition of energy (10-200 MJ m -2) over 
short periods (0.1-3 ms) will cause severe surface ero- 
sion and melting of these components. The exact 
amount of eroded material is critically important to 
reactor design and component lifetime analysis. In cur- 
rent tokamak machines, ITER-like heat loads and dis- 
ruption conditions are not achievable. It is therefore 
necessary to develop a comprehensive model that in- 
cludes all major physical processes occurring during a 
disruption in order to correctly simulate plasma/mate- 

rial interaction in reactor environments and conditions. 
Modeling of the detailed interaction of plasma particles 
with the initial ablated material is quite important 
because the ablated material provides a much-needed 
shielding layer that protects the PFM from the incident 
plasma particles. 

A recently developed comprehensive model [1] has 
been enhanced and used in this analysis. In this model, 
three major modeling stages of plasma/material interac- 
tion were developed with sufficient detail to accurately 
simulate a disruption effect on PFM. Initially, the inci- 
dent plasma particles from the disrupted plasma will 
deposit part of their energy on the PFM surface. Mod- 
els for particle deposition and material thermal evolu- 
tion that take into account phase change, moving 
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boundaries, and temperature-dependent thermophysical 
properties, etc., were developed to predict the behavior of 
these components. This initial burst of energy delivered to 
PFM surfaces from the direct impact of plasma particles 
will cause sudden ablation of these materials. As a result, 
a vapor cloud will be formed in front of the incoming 
plasma particles. Shortly thereafter, the plasma particles 
will be completely stopped in this vapor cloud. Continu- 
ous heating of the vapor cloud will ionize, excite, and 
generate photon radiation. The initial plasma particle 
kinetic energy is therefore transformed into radiation 
energy. Comprehensive models for the hydrodynamics 
and heating of the vapor cloud that shields the original 
surface were developed for the second stage of disruption 
modeling. Finally, models for radiation transport 
throughout the vapor cloud were developed to estimate 
the net heat flux transmitted to the facing material. It is 
therefore the dynamics and evolution of this vapor cloud 
that will finally determine the net erosion rate at the end 
of a disruption. Fig. 1 is a schematic illustration of the 
various interaction zones and processes during the 
plasma/material interaction that follows a disruption 
under the influence of a strong magnetic field. This 
problem requires the solution of three moving 
boundaries: the vapor front, the receding target surface, 
and the solid/liquid interface. These three moving 
boundaries are interdependent, and a complete solution 
should link them dynamically and simultaneously. 

In this study, detailed effects of the strong reactor-en- 
vironment magnetic field on the magnetohydrodynam- 
ics of the vapor cloud and on the resulting erosion rate 
were examined. A two-dimensional (2-D) magnetohy- 
drodynamic model was developed to include effects 
such as magnetic field diffusion, friction forces, and 
Joule heating of the vapor material. Previous analysis 
of the effect of a strong magnetic field on the dynamics 
of plasma/material interaction were mainly qualitative, 
used simple assumptions, and were not integrated dy- 
namically with other physical processes [2-4]. Candi- 
date PFMs such as beryllium and carbon were 
considered in this analysis. Disruption lifetime of these 
materials have been calculated, and dependence on 
characteristics of the plasma/vapor interaction zone and 
disruption parameters were analyzed. 

2. Modeling summary 

2.1. P l a s m a / m a t e r i a l  interact ion 

The thermal evolution of the PFM is calculated by 
solving a time-dependent heat conduction equation in 

one- or multidimensional coordinates [5]. All thermo- 
physical properties are assumed to be temperature-de- 
pendent. Surface temperature was determined by both 
the boundary conditions and the dynamics of the evap- 
oration process. The volumetric energy deposition by 
the incident plasma particles is calculated with detailed 
models that include slowing-down physics of both 
plasma ions and plasma electrons [6]. Phase transfor- 
mation of metallic PFM is taken into account by using 
detailed models [7]. Kinetic energy of the incident 
plasma particles, the photon energy radiated by the 
vapor cloud, vapor-conducted energy, and free-stream- 
ing energy (from near-surface vapor to target material) 
[1] are partitioned inside the PFM into conduction, 
melting, and evaporation energy. 

2.2. P l a s m a / v a p o r  interact ion 

As direct heating of the PFM continues by the im- 
pinging plasma particles, the surface temperature rises 
to the point at which significant ablation begins. The 
produced vapor leaving the surface will accumulate, 
expand, and interact with incoming plasma particles. 
The continuous deposition of energy in the vapor layer 
by plasma particles will produce intense bulk vapor 
heating and vapor ionization. The ionized vapor will 
interact with the strong magnetic field, which then 
limits expansion of the vapor to mainly along field 
lines. Additional heating of the original exposed PFM 
surface is only from vapor thermal radiation, vapor 
thermal conduction, free-energy streaming, and other 
enhanced plasma radiation losses [1]. 

Vapor expansion into the vacuum vessel under the 
influence of a strong magnetic field is determined by 
solving the vapor magneto- hydrodynamic equations 
for conservation of mass, momentum, and energy: 

~p 
- -  + v .  ( p V )  = 0 ( 1 )  
~t 

0V 
p - ~  + V P  =0  (2) 

and 

dE 
- -  + V . (El l )  + P V  . V = V . ( K V T )  + V . Qr -b V . Qb 
Ot 

(3) 

where V is vapor velocity, p is density, E is energy, P is 
pressure, K is vapor conductivity, Q~ is radiation flux, 
and Qb is the incident particle flux from the disrupting 
plasma. All variables of these equations are both time- 
and space-dependent. The vapor plasma, once ionized, 
is assumed to move freely along magnetic field lines 
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Fig, l+ Schematic illustration of various interaction processes in a strong magnetic field during a disruption. 

(r-direction), as shown in Fig. 1. One needs to solve the 
vapor equation of motion in two directions; along and 
perpendicular to divertor surface. The radiation trans- 
port equations are not directly affected by the magnetic 
field and can be solved in one or two dimensions. 

The vapor equation of motion in a strong magnetic 
field environment can be written as 

d2r 
p ~ =  - V P  + J x B (4) 

where r is distance along field lines, J is vapor current 
density, and B is magnetic flux density. The induced 
magnetic force J x B acts as a retarding force to vapor 
expansion. This force mainly acts in the perpendicular 
direction to magnetic field lines. The magnetic force is 
assumed to be composed of a magnetic pressure force, 
Fro, and a friction force, Fc, due to the curvature of the 
magnetic field lines, where 

Fm = Z  ~7B2 (5) 
/G 

and 

1 B 2 
L = - - - - -  C 6) 

#o R~ 

where #o is magnetic permeability and R c is the radius 
of curvature of magnetic field lines. The current density, 
J, is given by 

J = I - V  x B  (7) 
#o 

The solution of the magnetohydrodynamic vapor 
equation of motion takes into account magnetic field 
diffusion in the vapor cloud. The variation of the 
magnetic field with time can be written as 

OB 1 
V x { ~ + V x B }  (8) 

~?t /to 

and 

J 
e = - (9) ~r 

where ~ is the induced electric field and ~r is vapor 
conductivity. For a weakly ionized low-temperature, 
high-density vapor-plasma, the conductivity is given by 

47thee 2 
= -~ (10) 

me 

where no is density, e is charge, m e is mass of the 
electron, a n d ,  is the vapor plasma collision time. The 
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above equations are solved in 2-D coordinates, i.e. 
along and across the magnetic field lines. The solution 
is then transformed to the x (along divertor surface) - 
y (normal to divertor surface) coordinates, as shown in 
Fig. 1. Joule heating of the vapor cloud, which is given 
by j2 ~ -  ~, is also taken into account in these calcula- 
tions. 

2.3. Radiation transport 

After enough vapor accumulates in front of the in- 
coming plasma particles, the plasma particles are then 
stopped in the vapor cloud, thereby heating and ioniz- 
ing the cloud. Continuous vapor heating by the plasma 
particles will cause the vapor to emit photon radiation. 
The plasma energy is then transmitted indirectly to 
PFM surfaces through photon radiation. Therefore, 
radiation transport plays an important role in determin- 
ing the final erosion rate of the PFM and consequently 
the component lifetime. The radiation transport equa- 
tions are solved by the forward-reverse method [8]. The 
radiation is composed of two separate fluxes, contin- 
uum radiation and line radiation. The most intense 
lines are treated separately, while the less intense lines 
are combined with the continuum radiation flux [1,9]. 
Opacity and emissivity data are provided in the form of 
look-up tables for a wide range of expected vapor 
densities and temperatures. 

3. Analysis 

The models described above, including that for the 
effect of a strong magnetic field on vapor cloud hydro- 
dynamics, are implemented in a new optimized version 
of the computer code A*THERMAL-S [1]. Thermal 
quench time during the disruption is assumed in this 
analysis to be 100 gs. Calculations for radiation trans- 
port and vapor magnetohydrodynamics are extended 
up to I0 gs beyond the disruption time to realistically 
simulate a situation where the vapor and the radiation 
flux cannot immediately disappear just after the disrup- 
tion. Disruption energy densities of 10-100 MJ m -a 
are used in this analysis. 

Fig. 2 shows the effect of a 5-T magnetic field on 
carbon erosion rate during a 100 gs disruption with an 
energy density of 10 MJ m -2. The inclined magnetic 
field reduced the erosion rate in this case by about 30%. 
The magnetic field keeps the vapor cloud more dense 
and closer to the surface, thus more radiation is ab- 
sorbed in the vapor and less radiation is transported to 
the PFM surface. A similar effect is predicted for a 
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Fig. 2. Carbon erosion rate with and without magnetic field 
effect during a disruption. 

disruption on beryllium, as shown in Fig. 3. The mag- 
netic field reduces both erosion rate and melt layer 
thickness by a factor of 2. The resulting melt layer 
thickness is much greater than the ablation thickness, 
which causes a serious concern if the melt layer is lost 
during the disruption due to the various forces on the 
melt layer during the disruption [10]. The magnetic field 
is found to be more effective in reducing disruption 
erosion of beryllium than that of carbon. In fact, where 
disruption energy density is high, the magnetic field can 
slightly increase the carbon erosion rate. This is mainly 
because carbon is a better radiative material than beryl- 
lium. 
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Fig. 3. Beryllium erosion rate and melting thickness with and 
without magnetic field effect during a disruption. 
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Fig. 4. Front vapor-cloud temperature for both beryllium and 
carbon during a disruption. 

Fig, 4 shows the vapor front temperature of both 
beryllium and carbon vapor during a disruption. Car- 
bon, being a higher-Z material, radiates more energy 
than beryllium, which results in lower vapor tempera- 
ture at these disruption parameters. At higher disrup- 
tion power densities, however, carbon vapor front 
temperature can exceed that of beryllium due to differ- 
ent radiation physics phenomena. The higher radiation 
rate of carbon (radiation cooling) causes more radia- 
tion flux to be emitted toward the PFM, which in turn 
causes more material to be ablated. For  the same 
disruption conditions given in this case, the carbon 
ablation rate is about two to three times that of beryl- 
lium. Vapor shielding is generally expected to be more 
effective in reducing net energy flux to lower-Z PFM 
materials than to higher-Z materials. 

Fig. 5 shows beryllium vapor density and tempera- 
ture in relationship to normal distance above the diver- 
tor plate with and without a magnetic field. In the 
absence of a magnetic field, the ablated material ex- 
pands freely - -  opposed only by plasma particle mo- 
mentum - -  in the normal direction. Once the vapor is 
ionized in a magnetic field environment its motion 
follows field lines. Because of the oblique angle of the 
field lines, vapor expansion normal to the surface is 
substantially reduced. As a result, vapor density near 
the divertor plate is much higher which tends to provide 
better shielding to the PFM surface. However, this 
higher vapor density tends to increase processes such as 
vapor conduction, turbulence, and instabilities that can 
substantially increase the erosion rate. Fig. 6 shows the 
expansion velocity components in the x and y directions 
under the influence of a 5-T magnetic field. Vapor 
expansion along the divertor surface is much higher 
( ~ 40 times) than in the normal direction. Initially, the 
normal velocity is higher because the ablated material 
leaves the surface as neutrals in the normal direction 
and is not affected by the magnetic field until it is 
ionized. 

Fig. 7 compares beryllium and carbon vapor density 
and temperature as a function of normal distance above 
the divertor plate for the same disruption conditions. 
Carbon vapor has a higher density and lower tempera- 
ture, and expands farther in the normal direction, than 
beryllium. The higher normal expansion is due mainly 
to the more powerfut pressure gradient of the ablated 
carbon. The lower temperature is mainly due to the 
increased radiation emitted from the higher-Z carbon 
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Fig. 5. Effect of magnetic field on beryllium vapor temperature 
and density. 
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Fig. 7. Beryllium and carbon vapor density and temperature as 
a function of distance normal to surface. 

vapor. Because of this lower temperature, carbon vapor 
expansion along the divertor surface is lower than that 
for beryllium. This is clearly shown in Fig. 8, where the 
expansion velocity along the divertor surface (Vx) is 
about 50% of that predicted for beryllium (Fig. 6). 

The incident plasma energy density on the ITER 
divertor plate during a disruption can be ~> 100 MJ 
m 2 This can also occur if the disrupted plasma de- 
posits its energy only on parts of the toroidal divertor 
plate. Because of  the high heat load expected during 
normal operations, and due to design limitations on the 
maximum allowable surface temperature, it is assumed 
in this study that typical initial thicknesses of beryllium 
coating and carbon tiles are 3 and 10 mm, respectively. 
It is further assumed that 50% of this initial thickness 

can be sacrificed to disruption erosion before repair of 
the beryllium coating or replacement of the carbon tiles 
becomes necessary. Fig. 9 shows the maximum allow- 
able number of  disruptions for beryllium and carbon 
materials at various incident plasma energy densities. If 
the beryllium melt layer is lost during the disruption, 
the beryllium disruption lifetime is only about 50 dis- 
ruptions. If  the melt layer is lost as soon as it develops, 
however, disruption lifetime can be severely shortened. 
A one-order-of-magnitude increase in energy density 
reduces the disruption ablation lifetime by a factor of  
only ,~ 2. This is because higher incident plasma energy 
densities are mainly used to heat the front regions of 
the vapor and only a small fraction of this energy is 
transmitted to and deposited on the PFM surface [1]. 

The effect of plasma particle kinetic energy on ero- 
sion thickness is less important in a magnetic field 
environment. This is mainly because of the oblique 
angle of  incidence of the magnetic field lines ( ,~2-5 °) 
to the divertor plate surface. This substantially shortens 
the range of the plasma particles in both the PFM and 
the ablated material, resulting in more surface energy 
deposition rather than volumetric deposition [1]. How- 
ever, if a sheath potential is developed during disrup- 
tion, plasma particles can be accelerated to much higher 
energies. The magnetic field helps reduce the 2-D radia- 
tion transport losses because it confines the vapor cloud 
near the surface of the divertor plate. However, this 
tends to increase the erosion rate because less radiation 
escapes to the vacuum chamber away from the PFM 
surface [9]. 

Additional analysis is required for several important 
issues that can affect net erosion rate and consequently 
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the lifetime of the divertor plate. Uncertainties in dis- 
ruption parameters such as incident energy density and 
disruption time are very important in determining abla- 
tion rate, melt-layer thickness, development of melt- 
layer instabilities, and potential loss of the melt layer 
[10]. Vapor thermal conduction with turbulence, as well 
as development of vapor instabilities, may significantly 
increase heat flux to the PFM, resulting in a large 
increase in erosion rate. Magnetic field edge effects 
should be investigated where the ablated material is not 
fully ionized and can escape confinement by the mag- 
netic field, resulting in much less shielding for the PFM. 

effects due to oblique incidence of the magnetic field 
may reduce vapor accumulation in front of the incom- 
ing plasma, which has the effect of increasing erosion 
rates. In addition, higher vapor density due to magnetic 
field confinement enhances processes such as vapor 
conduction, turbulence, and instabilities which all tend 
to increase erosion rates. 

Acknowledgment 

Work supported by the US Department of Energy, Office 
of Fusion Energy, under Contract No. W-31-109-Eng-38. 

4. Conclusions 

A two-dimensional magnetohydrodynamic model is 
developed to take into account detailed interaction 
physics of the vapor cloud with the reactor magnetic 
field. Included are effects such as magnetic field diffu- 
sion, induced electric field, vapor conductivity, and 
Joule heating of the vapor. This model is integrated 
with a recently developed comprehensive model that 
realistically solves the problem of three moving 
boundaries, i.e. vapor expansion, surface recession, and 
liquid metal propagation front. Models for material 
thermal evolution with phase change, vapor magneto- 
hydrodynamics, and radiation transport are dynami- 
cally linked, integrated, and optimized for realistic 
evaluation of disruption effects in reactor environment. 

The reactor magnetic field may help reduce erosion 
rates during a disruption at lower energy densities. The 
inclined field, however, will reduce 2-D radiation trans- 
port losses which have the effect of increasing erosion 
rates particularly for higher energy densities. Edge 
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