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Toward a high-fidelity tritium transport modeling for retention and permeation experiments

Masashi Shimada*, Pierre-Clément A. Simon, Casey T. Icenhour, and Gyanender Singh,

Idaho National Laboratory, Idaho Falls, ID, U.S.A.

Tritium Migration Analysis Program version 8 (TMAP8), the latest version of TMAP, was developed within the
framework of the Multiphysics Object-Oriented Simulation Environment (MOOSE). Created at Idaho National Laboratory
(INL), MOOSE is an open-source, dimension-agnostic, fully coupled, and fully implicit multiphysics platform featuring
massively parallel computation capabilities. Using TMAP8, tritium transport in a divertor monoblock was analyzed to
elucidate the effects of pulsed operation (up to fifty 1,600 s plasma discharge and cool-down cycles) on the tritium in-
vessel inventory source term and ex-vessel release term (i.e., tritium retention and permeation) for safety analysis. With its
built-in Message Passing Interface capability, TMAP8 can, in under 2 hours, simulate tritium transport in three different
layered materials (i.e., tungsten, copper, and copper-chromium-zirconium alloy) in 2D geometry, using a single
device/computer with 10 cores. The MOOSE-based TMAP8 code can leverage other MOOSE tools developed under the
Nuclear Energy Advanced Modeling and Simulation (NEAMS) program to perform tritium and thermal transport in
complex geometries and multiphysics environments. And via its massively parallel computation, MOOSE will enable the
fusion pilot plant designers to conduct high-fidelity multiphysics modeling for the design of the divertor and blanket
systems as well as for the safety analysis.

Keywords: modeling, tritium diffusion, tritium trapping, tritium retention, tritium permeation, MOOSE, TMAP8, fusion.

1. Introduction
The tritium in-vessel inventory source term and

ex-vessel release term (i.e., tritium retention and
permeation) are two of the most critical source terms in
fusion safety assessment tasks [1]. From the 1980s into
the 2000s, Idaho National Laboratory (INL) developed
the Tritium Migration Analysis Program (TMAP), the
primary aim of which was to analyze tritium retention
and permeation loss in fusion reactor structures and
systems under both normal operation and accident
conditions [2]. TMAP version 4 (released in 1992)
incorporated calculations for 1D thermal and mass
diffusive transport and trapping (based on a single trap)
through structures, as well as zero-dimensional fluid
transport between enclosures and across
enclosure-structure interfaces [2]. TMAP version 7
(released in 2006) added an improved trapping model
with up to three separate traps, a model for heteronuclear
and homonuclear molecule formation, and surface
kinetics calculations involving a surface binding energy
and an adsorption barrier energy [3]. TMAP’s tritium
transport capability was incorporated into MELCOR-
fusion safety code to enable dynamic inventory
assessment of tritium in magnetic and inertial fusion
systems for system-level safety analyses [4].

INL’s open-source Multiphysics Object-Oriented
Simulation Environment (MOOSE) is a cutting-edge
multiphysics computational platform with a large user
base and a wide range of applications primarily related to
fission reactors. MOOSE has proven able to scale with a
high number of computational nodes working in parallel
(up to 30,000 cores) to perform simulations involving up
to millions of degrees of freedom. In addition to its
computational ingenuity, MOOSE was built with
versatility and compatibility in mind. It was designed to
couple various modules together to exchange parameters
that account for interacting physics phenomena [5][6][7].
As a first-of-its-kind MOOSE-based tool for fusion in
the U.S., TMAP version 8 (TMAP8) was developed
within the MOOSE framework so as to foster smooth
coupling with other MOOSE-based tools [8]. For solid
breeder blanket concepts, coupled heat conduction and
thermal hydraulics models with integrated neutronics

results from OpenMC was demonstrated with MOOSE,
and a mesoscale tritium transport model was added to
TMAP8 [9][10]. For liquid breeder blanket concepts,
magnetohydrodynamic flow modeling is on-going using
the MOOSE electromagnetics and Navier-Stokes
modules. In addition, INL continues to support previous
versions of TMAP (i.e., TMAP4 and TMAP7), as well as
the verification and validation of TMAP8 [11], [12]. For
the plasma-surface interaction, several tritium transport
codes such as MHIMS (Migration of Hydrogen Isotopes
in MaterialS [13][14]) and FESTIM (Finite Element
Simulation of Tritium In Materials [15][16][17]) were
developed in EU. The fact that TMAP8 is fully
integrated into MOOSE enables seamless coupling with
other MOOSE-based tools developed by the Department
of Energy’s Nuclear Energy Advanced Modeling and
Simulation (NEAMS) program, and the built-in
massively parallel computing capability allows for
high-fidelity full 3D multiphysics simulations.

The divertor components will be subjected to
intensive particle and heat fluxes from plasma, as well as
14-MeV neutrons stemming from deuterium-tritium
(D-T) reactions, thus creating extremely high
temperature- and hydrogen concentration-gradient across
tens of millimeters. Furthermore, the thermomechanical
properties of the divertor materials will evolve over time
in response to displacement damage and
gas-/solid-transmutations. Thus, tritium transport in the
divertor poses enormous challenges, as it requires
simulation capabilities encompassing (1) multi-material
configurations, (2) high thermal cycles, (3) complex 2D
and 3D geometries, (4) and microstructural evolution
resulting from displacement damage and gas-/solid-
transmutations. For example, the ITER divertor, which
consists of tungsten (W) monoblocks bonded to cooling
tubes made of copper-chromium-zirconium (CuCrZr)
alloy, is designed to withstand high heat fluxes (~10 MW
m−2) during the steady-state plasma operation from
intense D-T plasma flux (~1024 m−2s−1). For the present
work, we simulated tritium retention and permeation in
an ITER-like monoblock and demonstrated the first three
(out of four) aforementioned required simulation
capabilities of TMAP8. We used boundary conditions
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(BCs) and parameters similar to those employed in a
previous effort by a similar finite element code [16].
Here, we also provide the fundamental structure of
TMAP8 and highlight some easy-to-use built-in features
of MOOSE for future TMAP8 users.

2. Thermal and tritium transport models
MOOSE utilizes the finite element method and

requires meshing to create and connect finite elements in
order to numerically solve a set of partial differential
equations (PDEs). MOOSE was developed to provide
simplified interfaces for specifying PDEs and BCs,
material properties, and all other simulation aspects,
without the need to consider the parallel, adaptive,
nonlinear, finite element solve that is handled internally
[5][6][7]. All the physics expressions are modularized
into “Kernels,” and all the BCs are incorporated into
“BCs.” This section describes the basic steps of
preparing an input file for TMAP8. In general, one needs
to (2.1) define the geometry of the problem, (2.2) create
meshes of the geometry, (2.3) develop sets of strong
forms of the PDEs in order to solve the problem, (2.4)
derive sets of weak forms of the PDEs, (2.5) select
kernels, (2.6) select BCs, (2.7) select material properties
and (2.8) select numerical methods for inclusion in the
input file.

2.1. Define the geometry of the problem.
We simulated tritium and thermal transport in a 2D

W-Cu-CuCrZr monoblock whose geometry, BCs, and
parameters nearly matched those used by E. Hodille et al
[16]. Fig. 1 shows the geometry, mesh, and temperature
distribution of the 2D monoblock employed in the
present work. The 2D monoblock consisted of three
materials:
 W monoblock (r[mm]>8.5),
 Cu interlayer (7.5<r[mm]<8.5),
 CuCrZr tube (6.0<r[mm]<7.5), and
 H2O cooling (r[mm]<6.0)
where and the center point (x,y) = (0,0) is defined at the
center of the CuCrZr tube.

We present the 2D results in this work, but the
MOOSE is dimension-agnostic, meaning that MOOSE
would enable modeling and simulation (ModSim) of the
complicated 3D geometry in future fusion systems [5]-
[7].

Fig. 1. 2D monoblock: (left) geometry and mesh;
(right) temperature distribution.

2.2. Create meshes of the geometry.

MOOSE is equipped with a set of user-friendly
built-in mesh generators for creating meshes based on
simple geometries (e.g., a monoblock). The built-in mesh
generator “ConcentricCircleMeshGenerator” was used to
create meshes for the 2D monoblock geometry. Only the
left-hand (-14.0<x[mm]<0 & -14.0<y[mm]<14.0)
portion of the monoblock was used, such that the mesh
size was halved by assuming symmetry at the x = 0
plane. This study used a total of 9,418 meshes, creating
28,402 degrees of freedom in non-linear systems. The
finer mesh size and time step are required to compute the
trapping-limited diffusion regime, as described in TMAP
verification case ver-1d [12]. However, a set of relatively
low detrapping energies (< 0.85 eV) was used to reduce
the computing time via the relatively coarse mesh size.

2.3. Develop sets of strong forms of the PDEs.
To simulate tritium and thermal transport, we

defined two sets of PDEs. First, the strong form of the
mass conservation equation for solute (mobile) T atoms,
Cs, was written as:

(1)
We used three sets of mass conservation equations

to calculate the behaviors of solute T atoms in three
different materials (i.e., W, Cu, CuCrZr). Second, the
strong form of the conservation of energy equation was
written as:

(2)
MOOSE, which is dimension-agnostic, solves PDEs

in 1D, 2D, 3D Cartesian, cylindrical, and spherical
coordinates via simple option changes to the input file.
Table 1 lists all the symbols and definitions used in
Eq.(1) and Eq.(2). Next, we converted these two strong-
form PDEs into their weak forms by multiplying with a
test function, , and integrating over a domain, .

2.4. Derive sets of weak forms of the PDEs.
MOOSE uses the Galerkin finite element method,

which requires the weak forms of governing PDEs. The
weak form of the mass conservation equation can be
written by multiplying Eq.(1) with a test function, , and
integrating over a domain, . Using a divergence theorem,
one can obtain the weak form of the mass conservation
equation as follows:

(3)
Similarly, the weak form of the conservation of

energy equation can be written by multiplying Eq.(2)
with a test function, , and integrating over a domain, .
Using the divergence theorem, one can obtain the weak
form of the conservation of energy equation as follows:

(4)
Then, to solve for the PDEs and physical

phenomena, we can select appropriate kernels and BCs
from MOOSE’s extensive library. The following three
subsections describe each kernel, BC and numerical
method utilized in the present work.

Table 1. Nomenclature of all the variables and
physical parameters used in Eqs. (1) and (2)

symbol variables unit
Concentration of solute (mobile) species m−3

Concentration of trapped species m−3

Temperature K

symbol physical properties unit
Diffusivity of solute (mobile) species m2 s-1

Solubility of solute (mobile) species m−3Pa−0.5
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Total concentration of species
m−3

Concentration of empty trapping sites m−3

Concentration of trapping sites
m−3

Trapping rate coefficient, 2.75x1011 s-1

Release rate coefficient
s-1

Pre-exponential factor, 8.40x1012 s-1

Detrapping energy eV
Atomic number density m-3

Density g m-3

Specific heat J kg-1 K-1

Thermal conductivity W m-1 K-1

symbol PDE notations
Test function
Domain
Surface domain

2.5. Select kernels.
For the mass conservation equation, we used

“ADTimeDerivative” and “ADMatDiffusion” to solve
the 1st and 3rd terms of Eq.(3). The TMAP8 kernels
“TrappingNodalKernel” and “ReleasingNodalKernel”
were developed to solve the 4th and 5th terms of Eq.(3),
respectively and to simulate the trapping/release
behavior of hydrogen isotopes in/from trap sites. For the
conservation of energy equation,
“SpecificHeatConductionTimeDerivative” and
“HeatConduction” were used to solve the 1st and 3rd

terms of Eq.(4). “ADTimeDerivative,”
“ADMatDiffusion,”
“SpecificHeatConductionTimeDerivative,” and
“HeatConduction” are MOOSE kernels commonly used
to solve the time derivative, material diffusion in the
material, and heat conduction equations in the material.

2.6. Select boundary conditions.
For the mass conservation equation, we used

“FunctionNeumannBC” and “DirichletBC” to solve the
2nd term of Eq.(3). “FunctionNeumannBC” was used to
treat the time-dependent plasma exposure at the top
(plasma-exposed) surface, and “DirichletBC” was used
to set the BC of the solute T atom concentration to zero.
For the energy conservation equation, we used
“FunctionNeumannBC” and “DirichletBC” to solve the
2nd term of Eq.(4). “FunctionNeumannBC” was used to
treat the time-dependent heat flux at the top
(plasma-exposed) surface, and “DirichletBC” was used
to treat the temperature increase in the cooling tube. And
lastly, “FunctionNeumannBC,” “FunctionDirichletBC,”
and “DirichletBC” are MOOSE BCs commonly used to
determine the BCs of the variables to be solved. Just as
in the work by E. Hodille et al.[16], we simulated a
1,600-second-cycle plasma discharge, with each cycle
consisting of a 100 s plasma ramp-up, a 400 s steady-
state plasma discharge, a 100 s plasma ramp-down, and a
1000 s waiting phase [16]. Up to 50 cycles were
simulated to achieve the total 20,000 s steady-state
plasma discharge. Fig.2 shows the integrated (solute,
total and trapped) tritium concentration in the
monoblock. It shows that implantation fluxes and
temperatures varied linearly up to (from) their steady-

state values from (up to) their initial values during
ramp-up (ramp-down). During the steady-state plasma
discharge, we set a heat flux of 10 MW/m2 at the top of
the 2D monoblock (at y = 14.0 mm) and a cooling
temperature of 552 K at the inner CuCrZr tube (at r =
6.0 mm). We assumed 100%T plasma with a 5.0x1023

m-2s-1 plasma particle flux (which is 50% of 1.0x1024 DT
m-2s-1 plasma particle flux) and only 0.1% of the incident
plasma particle flux (5.0x1020 m-2s-1) entered the first
layer of mesh at y = 14.0 mm. We treated this plasma
exposure by setting the flux BC (5.0x1016 m-3s-1) of the
solute T atom concentration in the first layer of mesh
(1.0x10-4 m) at y = 14.0 mm in order to avoid simulating
the complex plasma implantation and recombination
phenomena via an extremely fine mesh size (~10-10 m)
and a long computation time. The solute T atom
concentration was set to zero at the inner CuCrZr tube (at
r = 6.0 mm).

2.7. Select material properties.
We used the tritium mass transport properties listed

in Table 2 to solve the mass conservation equation
(Eq. 3) for two variables: and (i.e., solute and trapped T
atom concentrations) in three materials and the thermal
properties (i.e., density, temperature-dependent specific
heat, and thermal conductivity) listed in Table 3 to solve
the energy conservation equation (Eq. 4) for one
variable: temperature, . TMAP8 assumes equilibrium
between the chemical potentials of the diffusing species
similar to how TMAP4 and TMAP7 treated the
diffusing species across two different materials with
different chemical potentials.
“SolubilityRatioMaterial” was used to treat solute
concentration differences stemming from a difference in
T solubilities across the interface. The solubility ratio
jump was calculated via the following:

(5)
“ADPenaltyInterfaceDiffusion” was used to

conserve the particle flux at this interface between two
different solubilities. The extremely low tritium
solubility in W at low temperature leads to an extremely
low solute concentration in W, creating a large solute
concentration difference between W and Cu. Two-
component solubility in W was used to keep the
maximum solubility ratio between W and Cu to 104 at
low temperature to avoid the convergence issue
associated with calculating two significantly different
solute concentration in W and Cu.

Fig. 2. Temperature profiles (orange) and
integrated tritium concentration profiles (blue)

during two 1,600-second-cycle plasma discharges.
Table 2. Tritium mass transport and trapping properties used in the W, Cu, and CuCrZr layers.

* NOTE: Two-component solubility in W kept the maximum solubility ratio between W and Cu to 104 at low temperature.

Material
Diffusivity: Solubility: Detrapping

energy:
Edt [eV]

Trap density:
ntrap [at.fr.]

ReferencesD0

[m2s-1]
ED

[eV]
Ks,0

[m−3Pa−0.5] [eV]
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W 2.4x10-7 0.39
1.87x1024 1.04

0.85 1.0x10-4 [16][17][18]
3.14x1020 * 0.57 *

Cu 6.6x10-7 0.39 3.14x1024 0.57 0.50 5.0x10-5 [17][18]

CuCrZr 3.9x10-7 0.42 4.28x1023 0.39 0.83 5.0x10-5 [17][18]

Table 3. Thermal properties used in the W, Cu, and CuCrZr layers.

Material
Density:
[g m-3]

Specific heat:
[J kg-1 K-1.]

Thermal conductivity:
[W m-1 K-1.]

References

W 19,300
1.16x102 +7.11x10-2 T –6.58x10-5 T2

+3.24x10-8 T3 –5.45x10-12 T4

(293 < T[K] <2500)

2.41x102 –2.90x10-1 T + 2.54x10-4 T2

–1.03x10-7 T3 +1.52x10-11 T4

(293 < T[K] <2500)
[19][20]

Cu 8,960
4.21x102 –6.85x10-2 T

(293 < T[K] <873)

3.16x102 +3.18x10-1 T –3.49x10-4 T2

+1.66x10-7 T3

(293 < T[K] <873)
[19][21]

CuCrZr 8,900 390
3.87x102 –1.28x10-1 T

(293 < T[K] <927)
[22]

2.8. Select numerical methods.
We used a standard preconditioner; the “single

matrix preconditioner”. The Newton method was used to
model “transient” tritium and thermal transport in a 2D
monoblock. It is important to note that MOOSE is
equipped with the built-in Message Passing Interface
(MPI) protocol, as tritium and thermal transport analysis
of fifty 1,600-second-cycle plasma discharges in the 2D
monoblock was performed in under 2 hours using a
single device/computer (3.5GHz Apple M2 Pro, 10-Core
CPU/16-Core GPU) with this MPI feature.

3. Results and discussion.
Fig.1 shows the temperature distribution during the

steady-state plasma discharge. The maximum
temperature achieved was approximately 1423 K at the
upper-left corner of the W monoblock, with a 10 MW/m2

heat flux and the minimum temperature being set to 552
K. The temperatures at the Cu interlayer and CuCrZr
tube remained below 600 K, thanks to the high thermal
conductivities of Cu and CuCrZr (380–400 W/m-K). As
shown in Fig.2, the solute T atom concentration in W
increases as the temperature rises during plasma
exposure, and most of the solute T atoms become
trapped during the cool-down phase. Tritium retention in
W increases with the number of 1,600 s cycles utilized in
the simulation.

Fig.3 gives the time evolution of tritium retention in
W (in blue), Cu (in red), and CuCrZr (in green), as well
as the total tritium permeated into the coolant (in purple).
Tritium retention was calculated by integrating total T
atoms in W, Cu, and CuCrZr, respectively, and the total
tritium permeated was the cumulative permeation flux of
T atom across the CuCrZr/H2O boundary (r[mm]=6.0).
The tritium retention in W is at least two orders of
magnitude higher than in Cu and CuCrZr, reaching as
high as 10 grams(T)/m2 at 50 pulses (~80,000 s) and with
the set of relatively low detrapping energies used in this
work. Tritium permeation into the H2O coolant is
negligible (less than 0.1 gram[T]/m2) at up to 25 pulses
(~40,000 s) but can reach as high as 10 gram(T)/m2 at 50
pulses (~80,000 s) and with the set of relatively low
detrapping energies used in this work. It is important to
note that these tritium retention and permeation estimates
are based on the assumptions and parameters used in this
simulation, and further experimental data (especially
regarding the solute T atom concentration and detrapping
energy of neutron-induced trapping sites) are required to

accurately assess tritium retention in monoblocks and
tritium permeation into divertor coolant.

Fig.4 shows the 2D tritium concentration profile in
W (left), Cu (center), and CuCrZr (right) after ten (A,
top) and fifty 1,600 s cycles (B, bottom). Fig.5 shows the
1D tritium concentration profile in W (in blue), in Cu (in
red), and in CuCrZr (in green) along the x = 0 plane after
10 (A, top) and fifty 1,600 s cycles (B, bottom). In Fig.4
and Fig.5, the tritium concentrations are shown in atomic
fraction [T/M], where M = W, Cu, and CuCrZr. At the
end of ten steady-state plasma discharges (at 14,872 s),
most of the tritium remained in W and did not reach the
Cu and CuCrZr layers. The tritium concentration in W
was less than 10-6 T/M and was negligible in the Cu and
CuCrZr layers (less than 10-12 T/M), as shown in Fig.5A
and Fig. 5B. By the end of fifty steady-state plasma
discharges (at 78,792 s), a fraction of the tritium atoms
had reached the Cu and CuCrZr layers. The tritium
concentration in W reached 10-5 T/M and was as high as
10-7 T/M in the Cu and CuCrZr layers, as shown in
Fig.4B and Fig.5B.

Fig. 3. Time evolution of tritium permeation into
the coolant (in purple) and tritium retention in W (in
blue), Cu (in red), and CuCrZr (in green) during fifty

1,600 s cycles.

4. Conclusions and future work.
As a first-of-its-kind MOOSE-based tool for fusion,

TMAP8 was developed within the MOOSE framework
to foster coupling with other MOOSE-based tools. High-
fidelity tritium and thermal transport analyses were
carried out on a 2D monoblock subjected to as many as
fifty 1,600-second-cycle plasma discharges, with its
geometry and BCs closely resembling those previously
employed by E. Hodille et al [16]. A similar temperature
distribution—with the maximum temperature being 1423
K at the upper-left corner of the W monoblock—was
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obtained using a 10 MW/m2 heat flux. By the end of fifty
1,600-second-cycle plasma discharges, a fraction of the
tritium atoms had reached the Cu and CuCrZr layers.
The tritium concentration in W can reach as high as 10-5

T/M and can reach up to 10-7 T/M in the Cu and CuCrZr
layers. The results indicated that tritium
retention/permeation into H2O coolant can reach as high
as 10 grams(T)/m2 at 50 pulses (~80,000 s) and with the
set of relatively low detrapping energies used in this
work.

We demonstrated that the TMAP8 capabilities
encompass (1) multi-material configurations, (2) a high
thermal cycle, and (3) complex 2D geometry, thereby
affording higher fidelity tritium ModSim with massively
parallel computation capabilities than previous TMAP
versions. We showed the fundamental structure of
TMAP8 and highlighted some of its easy-to-use built-in
features.

Fig. 4. Tritium concentration profile in W (left),
Cu (center), and CuCrZr (right) after ten (A, top)

and fifty 1,600 s cycles (B, bottom).
It is important to highlight that this work is our

initial effort toward developing a high-fidelity ModSim
capability for fusion energy systems. To meet this
ambitious goal, a new MOOSE-based plasma-surface
interaction code, FENIX, is being developed with INL’s

internal funding. Our next step is to couple FENIX and
other MOOSE-based microstructure modeling codes
with TMAP8 to perform higher fidelity tritium transport
modeling in our subsequent work.

Other future work includes completing verification
and validation of TMAP8 by employing analytical
solutions and well-characterized experiments,
respectively. Furthermore, a code-to-code comparison
between TMAP4/TMAP7 and TMAP8—based on
various deuterium thermal desorption and tritium
permeation experiments—is planned for highlighting the
similarities and key differences between them. In
addition, a comparison with other finite element method-
based tritium transport codes such as FESTIM [13] [15]
will be useful for the PMI community to highlight the
similarities and key differences between them.

TMAP8 can leverage other MOOSE tools developed
under the Department of Energy’s NEAMS program to
help the fusion pilot plant designers conduct high-fidelity
multiphysics modeling by affording massively parallel
computation capabilities when designing the divertor and
blanket system and performing the safety analysis.

Fig. 5. 1D tritium concentration profile at x = 0 in
W (in blue), Cu (in red), and CuCrZr (in green) after

ten (A, top) and fifty 1,600 s cycles (B, bottom).

Data availability
 A list of all the TMAP8 and MOOSE codes

(including kernels and BCs) is available at
https://mooseframework.inl.gov/TMAP8/syntax/.

 The TMAP8 code and examples of input files are
available on the GitHub repository at the following
address: https://github.com/idaholab/TMAP8
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