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Abstract
Tritium behavior in plasma-facing components (PFCs) of future tokamak reactors such as ITER is an essential
factor in evaluating and choosing the ideal plasma-facing materials (PFMs). One important parameter that in¯uences
tritium buildup and release in candidate materials is the eect of material porosity on tritium diusion and retention.
Diusion in porous materials, for example, consists of three dierent processes: along grain boundaries, along microcrystallite boundaries, and in pure crystallite structures. Such diusion processes have strong nonlinear behavior due
to temperature, solubility, and existing trap sites. Therefore, a realistic model for tritium diusion in porous and
neutron-irradiated materials must account for both nonlinear and multidimensional eects. A tritium transport computer model Tritium Accumulation in Porous Structure (TRAPS) has been developed to evaluate and predict the kinetics of tritium transport in porous media. This two-dimensional model incorporates tritium diusion and trapping
processes that also account for hydrogen-isotope solubility limits in PFMs. This model is being coupled with the
computer model Tritium In Compound System (TRICS) which has been developed to study the eects of surface
erosion to tritium behavior in PFCs. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction
Hydrogen isotope trapping and release by plasmafacing materials (PFMs) will control fuel retention and
recycling in future fusion reactors. An understanding of
particle and energy ¯ow between PFMs and plasma is
also necessary for optimizing plasma performance and
for ensuring safe and reliable reactor operation. Studies
of hydrogen diusion and retention in fusion reactor
materials have been carried out extensively over recent
years [1±5]. An important parameter that in¯uences
tritium buildup and release in candidate reactor materials is the eect of material porosity on the diusion and
retention of hydrogen isotopes. Fig. 1 schematically illustrates the structure of porous materials. Diusion in
porous materials consists of three dierent and distinct
processes: along grain boundaries, along microcrystallite
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boundaries, and in pure crystallite structures. However,
a comprehensive and reliable model of these phenomena
does not exist because both the experimental and theoretical results of the retention and transport of hydrogen
isotopes in PFM often contradict each other [2]. In
particular, this discrepancy occurs because diusivity in
real candidate materials (graphites, Be, W) is much
greater (several orders of magnitude) than that of ideal
homogeneous crystals; this is very well described by
theory [4]. Existing models do not self-consistently account for the strong inhomogeneous structure of real
PFMs.
It is well known, for example, that eroded material
the divertor PFM can form a redeposited layer. The dust
and debris of the eroded PFM may also be redeposited
in dierent chemical forms (for example, CT4 ). Therefore, new materials can be produced during reactor
operation. The structure, chemical composition, transport, and retention properties of these new materials are
quite dierent from those of initial PFM. One must also
realize that the redeposited or codeposited layers are
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Fig. 2. Numerical model of two-level structure.

Fig. 1. Schematic view of porous structure.

very porous and inhomogeneous, possibly resulting in
more retained tritium than that in the initial PFM. It
may seem obvious that diusion and outgassing of the
new PFM will occur much faster than in the original
PFM. In this report, a new model of diusion into
nonhomogeneous porous materials is developed and
implemented in the computer code TRAPS (Tritium
Accumulation in Porous Structure).
2. Tritium transport mechanisms in the 2-D TRAPS code
The 2- and 3-dimensional eects of the porous
structure of PFMs and the redeposited dust and debris
of these materials on tritium diusion and inventory
were previously discussed in detail [5]. Therefore, one
very important feature of the developed model is enhanced and presented below, i.e., modeling of diusion
in grain-structured materials. It is known that ITER
candidate materials (C, Be, W) will consist of grains with
size, Lg , of a few micrometers and separated from each
other by an intergranular substrate with width, dg , where
dg  0:1Lg . The grains, in turn, consist of crystallites
 and that are also separated
with size, Lc , of  50±100 A
from each other by intercrystallite substrates with width
dc  0:1Lc , as schematically illustrated in Fig. 2.
The diusion coecients of both the intergranular
substrate, Dk , and the intercrystallite substrate, Da , are
much greater than the diusion coecient, Dc , of the
crystallites, which is close to that of an ideal crystal. This
means that implanted plasma particles (T,D) will diuse
mainly along these substrates. After saturation of the
substrates, the implanted gas diuses into the crystal-

lites. Because of the small size, Lc , of the crystallites, the
diusion time into the crystallites, sc , becomes comparable to or smaller than the diusion time along the
substrates.
sc 

L2g
L2c

;
Dc Dk=a

Lc  Lg ; Dk  Da :

In describing diusion in such a medium, direct numerical modeling requires extensive computer time.
Therefore, we use a set of equations that regard this
inhomogeneous discrete system of grains and crystallites
as a continuous medium while accounting for the inherent discrete structure, i.e., existence of grains, crystallites, and intergranular/intercrystallite substrates.
The full set of equations describing such a system is
very complicated; therefore, for purposes of this work
only a simpli®ed set of equations is given, ignoring diffusion in the vertical intercrystallite channels (along the
Y axis) and in the horizontal intergranular channels
(along the X axis). In this model, crystallites are also
regarded as spheres with an eective radius close to that
of Lc . This set of equations is given by
onk
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where the subscripts k, a and c are those relating to the
intergranular substrate, intercrystallite substrate, and
crystallites, respectively. A simple model is used to account for hydrogen isotope solubility in the porous
material, in which diusion is limited in a simple form:
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where Da ; a  k; a; c is the corresponding diusion
coecient with la and sa are the corresponding path
length and collision time of medium a, and nas is the
maximum dissolved density. Fluxes between the dierent microstructure, taking solubility into account, are
given by
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where Nc  Lg =Lc is the linear number of crystallites in
one grain. Fluxes into traps, Sat , and out of traps, Satÿ , are
given by the following relations.
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ÿ
where s
at and sat are residence times of capture and
detrapping of tritium gas, and u is the trap potential.
The de®nite number of traps, nats , is taken into account
by using the capture time in the following form, which
takes into account trap ®lling.
,
2=3
nat

s
1
ÿ
:
5
s
at0
at
nats

Results of such modeling indicate three distinctive regimes with three eective diusion coecients
D1 ; D2 ; D3 , corresponding to diusion along grain
boundaries, along crystallites boundaries, and into
crystallites, and accounting for the 2-dimensional
structure of the channels. The analysis indicates strong
dependence on the porous structure parameters and dimensions. Fig. 3, for example, shows the gas density
distribution along one intergranular channel for the
following parameters:
Dk =Dc  Da =Dc  100;

Lg  1 lm;


Lc  100 A;

nks  nas  ncs  1018 cmÿ3 ;
s; nkts  nats  ncts  1017 cmÿ3 :

6

As followed from the calculations, the diusion front
velocity is determined by ®lling of media to the maximum density, nas  nats . In the limiting case,

Fig. 3. Tritium density along intergranular substrate, t/s0  10 000, s0  L2c =D0 .
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Dk  Da  Do :
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The set of equations, therefore, reduces to one nonlinear
equation given by
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where D is the normalized diusion coecient.
D  Do = 1  Lg =dk :

9

Eq. (8), therefore, has a self-similar solution given by
p
n  nmax f n; n  y= Do t
10
with the diusion front expanding as
q
Yf  2Do t= 1  Lg =Lc :

11

Therefore, the total amount of diusing particles increases as N  nmax Yf . The solution given in Eq. (10) can
thus be used to estimate the permeation and retention of
tritium in the porous PFMs.
To model the behavior of tritium in the original PFM
as a result of erosion, a version of the DIFFUSE code [6]
was signi®cantly enhanced and modi®ed in the selfconsistent computer model TRICS (Tritium In Compound System) which can be coupled to TRAPS code.
First, the code was enhanced to include up to four different traps with dierent spatial and energy distribution
in the coating and in the substrate materials. Fig. 4 is a
schematic illustration of the implanted, recombination,
diusing, and trapped ¯uxes. The inhomogeneous trap
distribution is necessary to account for traps created by

the implanted ¯ux, which is near the surface region, and
those traps created by neutron irradiation, which are
distributed throughout the coating and substrate structures.
Surface erosion in the TRICS code is implemented in
two ways. A constant erosion rate is the result of normal
operation, and a pulsed erosion rate is due to abnormal
events. The constant erosion rate is due mainly to
physical and chemical sputtering of the surface coating
material; as a result, the surface location is a moving
coordinate with time. The surface temperature will
continue to decrease because the thickness of the material is decreasing and the incident heat ¯ux is presumed
to be time-independent. Fig. 5 shows an illustration of
such processes. At each time-step, the coating thickness
is decreased by a certain amount depending on erosion
rate. The decrease in the surface temperature as a result
will have two main eects: a reduction in the recombined
¯ux at the surface and, as a result, an increase in the
permeating ¯ux on the coolant side. The reduction in
coating thickness will also reduce the tritium inventory
and the diusing ¯ux, as shown in Fig. 6 for typical
reactor conditions given in Ref. [6].
The TRICS code also accounts for (sudden) pulsed
erosion due to abnormal events such as plasma disruptions [7]. In this case, a surface layer of a certain thickness is removed with all its tritium inventory and trap
concentrations. The code can also model tritium behavior in eroded or splashed material, resulting from
plasma instabilities, as well as in the redeposition of this
material on colder nearby surfaces. Future work will
include accurate estimate of tritium diusion and inventory for conditions similar to those in future tokamak devices.

Fig. 4. Schematic illustration of implementation, recombination, diusing and trapped ¯uxes.
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Fig. 5. Illustration of erosion process and moving surface coordinate.

3. Conclusions
The eect of the porosity of redeposited dust and
debris materials on tritium diusion and inventory in

such materials can be quite important. The 2- and 3dimensional eects of the porous structure of the redeposited dust and debris of PFMs (carbon, beryllium,. . .),
as well as that from plasma-spraying techniques or from

Fig. 6. Tritium inventory as a function of time during constant surface erosion.
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original as-fabricated materials, must be taken into account in the numerical models that describe gas diusion
and release in porous two-level structural materials.
Speci®cally designed laboratory experiments in which
the dust and debris of candidate PFMs are produced
and studied, are required in order to correctly predict
tritium behavior in these materials. Preliminary models
were developed for diusion in porous materials, including diusion along grain boundaries, intercrystallite
substrates, and into crystallites. It follows from the
TRAPS code calculations that ®lling of porous materials
with certain solubilities and numbers of traps has the
form of a ``®lling-wave'' that becomes 1-dimensional for
longer times exceeding the characteristic times of diusion into separate grains and crystallites. The TRAPS
code also accounts for other important processes such as
recombination rates of atoms in materials and pore
surfaces, and existence of open or closed pores. Future
analysis will evaluate and then assess the total tritium
inventory in porous materials as a function of reactor
operating conditions. The TRICS code will be used to
study the eect of surface erosion on tritium behavior in
the original PFMs and the initial tritium concentration
in the eroded redeposited materials. Erosion generally
will increase tritium activities in the coolant and in the
eroded and splashed debris due to permeation and
trapping.
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