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Abstract

The dynamic analysis of fusion power plant (FPP) fuel cycles highlights the challenge of
achieving tritium self-sufficiency in future FPPs. While state-of-the-art fuel cycle models offer
valuable insights into the necessary design parameters for attaining tritium self-sufficiency, none
of these models currently consider the impact of tritium trapping within fuel cycle components.
However, detailed analysis of individual components reveals that substantial amounts of tritium
can be trapped within the first wall, divertors, and breeding blanket systems, suggesting that
tritium trapping may significantly influence the FPP ability to achieve self-sufficiency. The
compounded effects of additional tritium traps generated by irradiation effects and component
replacements further exacerbate this challenge. The novelty of this work is the integration of an
explicit, physics-based model for tritium trapping, evolution of damage-induced traps, and
component replacements into a dynamic, system-level model of a fuel cycle. The results show
an increase of a factor 10° — 10* of tritium inventory in the first wall and vacuum vessel of an
ARC-class FPP when accounting for the aforementioned phenomena. This, coupled with the
replacement of components subject to significant tritium trapping, slows down fuel cycle
dynamics, resulting in an extended tritium doubling time (50% increase), higher start-up
inventory (30% increase), and higher required tritium breeding ratio (2%—5%) compared to a
scenario without tritium trapping.

Keywords: fuel cycle, tritium trapping, tritium self-sufficiency, tritium inventories, maintenance,
tritium breeding
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1. Introduction

The first generation of fusion power plants (FPPs) will face a
limited tritium supply and must be able to breed sufficient tri-
tium to self-fuel, have tritium in reserve, and provide startup
tritium to new FPPs. FPPs will seek to balance efficient tritium
breeding with the minimization of on-site tritium inventory.
The renewed interest in commercial fusion energy has spurred
new development activities in regards to fusion fuel cycle tech-
nology and modeling [1, 2].

Recent fuel cycle models have been developed for various
FPP designs, such as ARC [3], DEMO [4, 5], STEP [3], and
CFETR [6]. A common outcome of these works is that achiev-
ing tritium self-sufficiency is considerably more complicated
than simply attaining a tritium breeding ratio (TBR) of unity
in the breeding blanket (‘blanket’). Engineering constraints,
system dynamics, and plant performance targets for a given
FPP design typically result in a required TBR significantly
greater than unity (often in the range of 1.1-1.4). Since a given
FPP with a given blanket and shielding design has a maximum
achievable TBR, it is very important to have an accurate under-
standing of the overall fuel cycle dynamics of the FPP early in
the design process to ensure the chosen blanket is sufficient.
Fuel cycle models that oversimplify relevant phenomena or
overlook important loss terms can lead to an FPP design that
is unable to become tritium self-sufficient once built.

Notably, existing fuel cycle models neglect, or account for it
in a very simplified way, the phenomenon of tritium trapping.
Hydrogen trapping in materials occurs when mobile hydrogen
atoms become stuck at trapping sites within the material lat-
tice, such as interstitials, defects, and grain boundaries. Each
trapping site has a characteristic trapping energy that describes
the probability that a trapped atom will be freed again at a
given temperature. Higher trapping energies indicate a lower
probability of release. The absence of trapping modeling in
fuel cycle analysis can be partially justified in designs that
use low-Z materials for plasma-facing components (PFC). The
main tritium retention mechanisms in low-Z materials is co-
deposition with the eroded material from the first wall (FW),
with trapping playing a minor role. Several studies showed
that C-based or Be-based PFC would have lead to unaccept-
ably high tritium inventory in ITER (i.e. above the regulatory
limit, which was originally set to 1 kg [7]) [8-11]. As a res-
ult, the focus of PFC development shifted to tungsten. Tritium
implantation and trapping are the leading retention mechan-
isms in high-Z plasma facing materials [9], so understanding
these phenomena is crucial to fuel cycle design. Investigations
of an ITER wall with all-W PFC, which accounted for tri-
tium trapping and trapping site generation from neutron irra-
diation, estimated tritium inventories in the range of several
hundred grams after approximately 1000 shots [12, 13]. More
detailed models projected similar inventories after around
10000 shots, which was deemed acceptable [14] for ITER.
However, this scenario changes significantly for long-term
operations in FPPs, which will be subject to higher neutron and
ion fluences. Single-component analyses in DEMO blankets
suggest that tritium trapping can significantly impact tritium
retention in those components, increasing tritium inventories

by orders of magnitude (10?> — 10*) depending on the neut-
ron fluence, materials, and operating temperature [15-17]. At
some critical value of trapping probability in PFCs, it becomes
impossible to achieve tritium self-sufficiency in an FPP
[18, 19]. Therefore, a comprehensive assessment of tritium
self-sufficiency must include trapping effects in fuel cycle
models.

Updated fuel cycle models must account for several factors.
First, radiation damage from the plasma particle and neut-
ron fluxes will create trapping sites in PFCs, vacuum ves-
sel (VV), and blanket structural materials. The evolution of
these trapping sites is a complex and non-linear phenomenon
that depends on annealing processes, defect dynamics, inter-
actions with gaseous species, and the temporal evolution of the
particle flux [20, 21]. The generation of trapping sites ampli-
fies tritium retention and delays the dynamics of the outer fuel
cycle (OFC) [3, 4], making tritium self-sufficiency harder to
attain.

Second, it is expected that it will be difficult to recover tri-
tium retained in high-energy traps via processes like baking.
Ion and neutron irradiation produce high-energy traps, with
energies above 1-1.5eV [22, 23]. Damage-induced traps in
tungsten, for example, exhibit a detrapping energy exceeding
1 eV. Experimental analyses of hydrogen trapping on various
steels have revealed the existence of irreversible trapping sites
within a similar range of trap energy (1-2eV)>. The energy
value is contingent upon the temperature at which the samples
were analyzed [24, 25]. Figure 1 shows an ideal tritium recov-
ery process via heating from two ideal tungsten components
with the same surface area but different thicknesses (1 mm and
2 cm thick, representative of a FW and a divertor tile, respect-
ively). The recovery was simulated with FESTIM [26] by con-
sidering a slab with a Dirichlet boundary condition C,, = 0 on
both sides, where C,, is the mobile concentration of tritium.
The scripts and the results are available at [27]. It is easier to
bake out tritium from the thinner component with its higher
surface-to-volume ratio. To completely recover the tritium,
temperatures higher than 2100 K are required for the 1 mm-
thick component, while a >90% recovery can be achieved
above 2700 K for the 2 cm-thick component. Standard in-situ
baking procedures make use of a hot fluid (e.g. water at 600 K)
to recover tritium from the first wall and divertor [28, 29].
However, the required temperatures to recover tritium from
damaged-induced traps are much higher (figure 1). It is unclear
whether these temperatures can be reached in a tritium recov-
ery system and, if so, whether it would be economically viable
to do so.

The fraction of tritium that remains post-heating is trapped
in high-energy traps. PFCs, which are most susceptible to
these traps due to the high rate of radiation damage they sus-
tain, are expected to require periodic replacement. Assuming
that the removed PFCs are baked and the recovered tritium

3 The term irreversible trapping is somewhat ambiguous as it depends on the
timescale of interest. A trap with an energy level of 0.5 eV may be considered
irreversible at room temperature but could become reversible at very high tem-
peratures or when considering years as the reference timescale.



Nucl. Fusion 65 (2025) 036010

S. Meschini et al

Tritium retained fraction

106

1.0
1500-K:
C
© 0.8
o+
(9]
o
=
T 0.61
C
i
204
IS
=
=
F 0.2 2100-K:
2700-K— e——
----- —3300:K——
0.0 ; ; . :
100 102 104 106
Time (s)

(b)

Figure 1. Tritium inventory evolution during recovery from tungsten with damage-induced traps. (a) 1 mm thick tungsten component. (b)
2 cm thick tungsten component. Tritium recovery by baking is much harder for thick components due to the lower surface-to-volume ratio.
For (@) most of the tritium can be recovered in less than a hour at 7> 2100 K. However, ~20% of tritium is irrecoverable from () at the
same temperature regardless of baking time. Much higher temperatures are required for a complete recovery in a thick component.

reintroduced to the system as fuel, the following factors add to
the difficulty of achieving tritium self-sufficiency:

e Permanent loss of unrecoverable tritium in the replaced PFC

e Delayed reintroduction of the recovered tritium to the fuel
cycle

e ‘Resetting’ the saturation of the replaced PFCs

Regarding the third point, tritium trapping eventually satur-
ates on a characteristic timescale that is dependent on compon-
ent geometry, temperature, and materials. This occurs around
0.23dpa in W [21]*. This means that every time a PFC is
replaced, there is some time period during which tritium is
lost more rapidly from the system due to trapping in the ‘fresh’
PFC; how this impacts the fuel cycle depends on the the ratio
of time-to-replacement and time-to-saturation.

This paper presents a comprehensive approach to incor-
porating tritium trapping into a dynamic, system-level model
of a FPP fuel cycle. It considers both the production of trap-
ping sites due to particle irradiation and the replacement of
components. Building upon the model presented in [3], which
leverages the residence time method [4, 32], this framework
integrates multi-level trapping and trapping sites generation
in key components, namely the FW, divertor, and VV materi-
als. The fuel cycle architecture and its operations are modeled
using MATLAB Simulink®. Results show that the combined
effect of trapping site generation and component replacement
heavily affects tritium self-sufficiency, increasing the FPP
inventories and setting a higher requirement for the required
TBR (TBR,).

4 We acknowledge that the interplay between trapping site generation, gas
filling of these traps, and defects dynamics might inhibit trap annealing, lead-
ing to a situation where saturation is potentially never reached. Advanced
experiments that simultaneously investigate material damage and hydrogen
exposure at elevated temperatures are necessary to provide insights on this
phenomenon, such as those presented in [30, 31].

The paper is structured as follows. Section 2 develops a
theoretical, systems-level model for tritium trapping in which
trapping is expressed in terms of mobile and trapped invent-
ories. Section 3 presents the results. An ARC-class FPP is
considered for the fuel cycle design and operating paramet-
ers. However, this analysis can be adapted to any fusion device
operating with a D-T fuel cycle. Section 4 frames the results in
the context of FPP operations and discusses their implications
on long term operations and maintenance, and overall conclu-
sions are presented in section 5. The relevant code, the models
and the results are available on GitHub at [27].

2. Methodology

Each fuel cycle component is described by an ordinary differ-
ential equation in the form [3, 4]:

dr; i VEY s
dt_z@%j)_me,)(T) M+ S ()

J#i !

where we omitted for simplicity the time dependence of the
inventories. Subscripts i and j refer to the generic ith and jth
component, / is tritium inventory (kg), 7 is tritium residence
time (s), A is the tritium decay rate (s~!), € is the fraction of
tritium lost due to non-radioactive phenomena (e.g. leakages)
(-), and § is a tritium source (kg s~!), and fj—i is the fraction
of tritium flowing from component j to component i.

A detailed description of the model and the ARC-class FPP
fuel cycle is provided in [3]°. We recall that the intermittent
nature of the FPP is modeled by using an availability factor
AF and a pulse source. The stochastic nature of system fail-
ures is not considered explicitly as done in [5], and we used

5 Note that in this work, the VV structures and the FW are modeled as different
components to properly account for tritium trapping in these two components.
In [3] they are modeled as a singular component for the ARC-class FPP.
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Figure 2. Diagram illustrating the phenomena modeled in this work. (a) The tritium inventory of a generic component i, /;, is divided into
mobile inventory (/; ) and trapped inventory (/;,\). Components connected to each other exchange tritium flows. Tritium is constantly lost
due to radioactive decay and non-radioactive losses, such as tritium permeation through component boundaries. Mobile tritium can be
trapped, and trapped tritium can be de-trapped. (b) Detailed phenomena relevant to the trapped tritium inventory of component i. Intrinsic
and damage-induced traps are considered, alongside their production and annealing processes. Traps are produced via neutron and ion
irradiation. Produced traps are continuously being created (due to irradiation) and lost (due to annealing), indicated by the red cyclical

arrows.

the simplified approach of [4]. We briefly outline key nomen-
clature essential for this study:

o Start-up inventory (Isartup). The start-up inventory is the
amount of tritium required to start and operate an FPP until
it can self-sustain with bred tritium. It is stored in the stor-
age system. Therefore, at the beginning of the operations
Istorage(t - 0) = Lstartup-

o Storage inventory (Lsorage). This is the tritium inventory in
the FPP’s storage system. In the model used here, the stor-
age, management, and delivery system are condensed in a
single ‘block’, reflecting the assumption that all tritium pro-
cessed and bred within the fuel cycle passes through the stor-
age system. After an initial transient dominated by tritium
buildup in fuel cycle-components, the evolution of Iorage 15
dependent on the surplus tritium produced by the breeding
blanket [3, 4], but influenced by tritium trapping and com-
ponent replacement. The storage inventory is of particular
interest when analysing fuel cycles because it contains the
available tritium to operate an FPP.

o Reserve inventory (Zpeserve). The minimum quantity of tri-
tium in /yegerve depends on design, operation, and economic
considerations. It exists in addition to sorage to supply
backup tritium when needed (e.g. following a tritium loss
due to component failures within the fuel cycle). If eserve >
0 is required at the beginning of the operation, Isarp 1S
increased accordingly by Jreserve, and Lsiorage (£) > Lreserve dur-
ing the initial transient.

e Mobile (I,,) and trapped (I;) inventories. The mobile
inventory accounts for tritium (in any chemical form and
present in any medium) that is not trapped at a trapping site.

The tritium inventory in a component i is given by the sum
of mobile and trapped inventories, i.e. [; = I; m + I; ;.

o Tritium doubling time (¢4). The tritium doubling time is
the time required to double the initial tritium inventory in
the FPP, i.e. Lyorage(f = ta) = 2Lsarup- The definition of #4
is not unique [4], and the one used in this work gives the
most conservative results in terms of tritium self-sufficiency
requirements.

2.1 Tritium trapping and trapping site production

Figure 2 illustrates the source and loss terms for both the
trapped and mobile tritium inventories in a generic component
i. The model presented here accounts for each of the illustrated
terms.

Tritium trapping can be included in the system-level model
starting from chemical dilution theory [33]. Equation (2)
describes the evolution of the concentration of trapped tritium
C in an arbitrary medium:

0C (X,1)

D = KCn (3,

1) (n (¥,1) = G (%,1))

_pCt (-fv t) (2)

where Cy, (¥, 1) and C,(¥,7) are the concentration of the mobile
and trapped species (m~?), n (¥,?) is the trapping site density
(m~3), k (m® s™1) is a rate constant associated with the trap-
ping process, and p (s~!) is a rate constant associated with the
detrapping process.

The first term on the right-hand side (RHS) of equation (2)
represents the increase in C; due to trapping of mobile tri-
tium Cp, (X, 7) in available trapping sites (quantified as n, (¥, 1) —
Ci(X,1)) at a rate defined by the rate constant k. The second
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term on the RHS represents the decrease in C; due to detrap-
ping of trapped particles C((X,7) at a rate defined by the rate
constant p. Equation (2) can be extended to include multi-
level trapping (i.e. traps with different trapping energies), as
shown in the remainder of this section, and multi-species trap-
ping (e.g. different hydrogen isotopes). However, in this work
we consider only multi-level trapping, and defer consideration
of multi-species trapping to a future study. Equation (2) cannot
be directly implemented in the 0-D fuel cycle model for two
reasons [3]. First, the residence time method describes tritium
inventories as lumped quantities and not as concentrations,
which are a function of space (X). Second, /; in equation (1)
must be split in two (or more) separate contributions to account
for both the mobile and trapped inventories.

Assuming that n,(¥,7) — Cy(X,1), p, and k are homogeneous
across component i, one can integrate equation (2) over the
volume of component i to obtain equation (3):

d1i7[ (t)
dr

=kl (niy —adiy) — pliy (3)
where I; ,, and /;  are the mobile and trapped inventory in com-
ponent i, and o = #ATV," with N4 Avogadro’s number, Mt the
molecular weight of tritium (g mol~'), and V; the volume of
component i (m?) 6.

Equation (3) can be subtracted from equation (1) to obtain
suitable expressions for the time dependencies of mobile and

trapped tritium in component i:

dli,m o Ij,m Ii,m
dr _Z@%" T >—(1+6i)< Ti )
JF#i
—Mim+Sim —klijm (n;g—adi) +pliy  (4)
dIA
dl; =Sic+klim (niy —adiy) — pliy — My ®)

There are no non-radioactive losses nor streaming terms for
the trapped tritium inventory /; ;. A source term S; ; is included
in equation (5) to account for tritium ion implantation that may
occur (expected for plasma facing components).

The trapping rate constant k and detrapping rate constant p

are:
Ex

k—k()exp (_M> (6)
Ey

D = Po€Xp (‘ kBT) )

where ko (m? s~!) and py (s~ ') are pre-exponential factors, Ej
and E, are activation energies (eV), T is the temperature (K),
and kg is the Boltzmann constant (eV K ).

The diffusion coefficient is expressed as

®)

6 Here, component i is assumed to be a homogeneous medium of material
through which tritium moves and is trapped. Real components have complex
designs and are often made of multiple materials with different properties.
This can be treated explicitly or by lumping parameters.

where Dy is the pre-exponential factor of the diffusion coef-
ficient [m? s~'] and Ep is the activation energy of the diffu-
sion process [eV]. It is usually assumed that E, the activation
energy for a mobile particle to be trapped, is equivalent to Ep.
Considering that diffusion occurs through adjacent interstitial
sites at a distance d, ko can be expressed as [34]:

Dy

ko:ﬂ?

©))
where Dy is the pre-exponential factor of the diffusion coeffi-
cient (m? s~ 1), 3 is the interstitial site density (m3 s~!), and d
is the average distance between two interstitial sites (m). For
a BCC lattice, d = ﬁ, where a is the lattice constant [m].

The detrapping pre-exponential factor py is of the order
of 103 s=1 [35]. The detrapping energy, E,, is derived from
ab-initio calculations or as a fitting parameter from thermal
desorption spectroscopy. The latter method is more conveni-
ent for our applications as it provides a manageable number of
parameters that accurately model macro-scale experiments. It
is convenient to define time constants for the trapping (Tirap)
and detrapping (Tgerap) Processes:

d2
Ttrap = m (10)
Taetap =P - (11)

Lastly, multiple trap energies need to be accounted for in
the fusion materials environment. Defects give rise to distinct
trapping sites, each characterized by a different detrapping
energy and trap density. Therefore, equations (4) and (5) can
be rewritten to include multiple traps:

dIim I‘m Ii.m
b3 (1) -t ()

1

i !
Iim <
= M+ Sim — 22 Z (nis — i)
ﬁTtrap =1
I.
+ _fil (12)
Tdetrap,!
d] 1 I; I; 1
bl — Siei+ — (ni,l,l - Oéli,t,l) - Al (13)
dr BT trap Tdetrap,!

where [ = 1, ..., L identifies traps with detrapping energy E, ;
and trap density n; ;. Note that the detrapping frequency is
a function of the trapping energy E,, ;, thus a detrapping time
constant Tyegap,7 18 associated with each trap. The tritium trap-
ping data used in this work are reported in table 1.

The time evolution of trap density is described by
equation (14) [17]:

i) gk (1= 240 )

14
dt Nmax,l (14

where ® is the damage rate (dpa s™'), K is the trap cre-
ation factor (m~> dpafl), Nmax,; 18 the maximum trap density
(m? s~ for trap [, and A, is the annealing rate (s~') for trap L.
A, is described by an Arrhenius law, A = Agexp(—Es/(kgT)).
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Table 1. Parameter values used in this work, which updates the residence time method in [3] to include tritium trapping in FW, divertor, and
VV components. Three candidate materials are considered for the VV. The pre-exponential factor Dy for hydrogen diffusion in W [40],
Inconel718 [43], and Eurofer97 [48] is divided by /3 to account for the m~'/? dependence of the diffusion coefficient of gases [49]. The
assumed value for ng,1 in Inconel 718 and V-4Cr-4Ti corresponds to 10~* at%. We used are [50] for the lattice constant of Eurofer97.

Material
Parameters Tungsten [40-42] Inconel 718 [43-45] V-4Cr-4Ti [46, 47] Eurofer97 [48] Units
p 19.3 8.2 6.1 7.8 gcm™
o 1013 1013 1013 108 s7!
Ep 1.0 0.26 0.5 (Assumed) 0.45 eV
o1 2.2 0.88 (Assumed) 0.74 (Assumed) 1.3 10¥m 3
Dy 4.11077/4/3 1.07107%//3 751078 45710773 m? s~ !
Ep 0.39 0.51 0.13 0.23 eV
8 6 12 6 6 —
a 316 360 303 286 pm

We acknowledge that the annealing rate will be impacted
by defect stabilization mechanisms linked to the presence of
hydrogen or any other gas. The relationship between irra-
diation damage and the presence of hydrogen in the lattice
has been investigated theoretically [36] and experimentally
[30], showing that the presence of hydrogen isotopes impedes
defect annealing, resulting in increased hydrogen retention,
especially at low temperatures. Additionally, the data for ion-
and neutron-induced traps available in literature [17] (see
appendix) might not reflect the full complexity of defect evol-
ution. The physical picture is further complicated by the dose
rate at which the material is damaged, which can affect reten-
tion. However, these phenomena have yet to be investigated in
detail in fusion relevant conditions, and we limit our analysis
to the simple trap dynamics described by equation (14).

We assume the ion-induced traps to be localized in a thin
layer of the FW (~2.5 um) [21], whereas neutron-induced
traps are homogeneously distributed through the thickness of
the materials. A comparison between the system level model
here presented (equations (4) and (5)) and a detailed 1D tri-
tium transport model developed in FESTIM [26] reveals that
the OD system level model accurately captures the evolution
of trapped inventories in plasma facing components with a
high degree of precision. The only discrepancy observed is
a slight overestimation of tritium ion implantation from the
plasma source by the system-level model. However, the contri-
bution of ion-induced traps is negligible compared to neutron-
induced traps, and the inventories are dominated by tritium
trapped in neutron-induced traps (section 3). The comparison
between the two models is available as additional material in
the GitHub repository [27].

The initial condition for the trap density is given by
n,1(0) = ng, s, which is equivalent to the number of intrinsic
traps. The maximum number of intrinsic traps in a compon-
ent is at its maximum at t =0, whereas there are no ion- or
neutron-generated traps at ¢ = 0. For this study, the FW tiles
and divertors are assumed to be made of tungsten. Three can-
didate materials (Inconel 718, V-4Cr-4Ti alloy, Eurofer97) are
considered for the VV and blanket structures.

No data is available for neutron-induced traps in structural
materials. Compared to W, Eurofer97 exhibits lower hydrogen

retention by a factor of ~6 when damaged with W ions at
300K [37]. There are no comparisons available for hydro-
gen retention behavior between W and Ni-based alloys (e.g.
Inconel 718). Ni-based alloys are more susceptible to void
formation and growth due to (n,a) and (n,p) reactions with Ni-
59 at thermal neutron energies. The average void size and the
size of the largest voids are much higher in neutron-irradiated
Ni-based alloys than in irradiated W at similar doses (<25 nm
average and 100 nm for large voids in Ni-based alloys [38]
versus 4-7 nm average and 13 nm for large voids in W [31]).
This suggests that hydrogen retention in damaged Inconel 718
may be higher than in damaged W. Concerning V-alloys, D-
irradiated V-4Cr-4Ti exhibits higher hydrogen retention than
W at 380K and 573 K, but the retention becomes comparable
at 773 K [39], which is close to the operating temperature of a
liquid immersion blanket.

In the following analysis, we assume that the neutron-
induced trap density and energy in structural materials are the
same as in W. Based on the previous considerations, the res-
ults might be realistic for V-4Cr-4Ti alloy, overestimated for
Eurofer97, and underestimated for Inconel 718.

2.2. Component replacement

Due to very harsh operating conditions, it is anticipated
that many FPP components will require regular replacement.
Maintenance strategies have been proposed to address the
replacement of divertors, FW tiles, blanket modules, and VV
[51-55]. The replacement time for each component is uncer-
tain, although we may expect a lifetime of 1-10 years for the
components that are most relevant to this analysis (e.g. in-
vessel components that are expected to trap the most tritium)’.
The mobile tritium inventory might be recovered before
replacement, while trapped tritium (especially if trapped in

7 The mean time between failures may be much lower for first-of-a-kind com-
ponents, as noted by [4]. However, the consequent low availability due to fre-
quent replacements could also hinder the FPP from achieving tritium self-
sufficiency, underscoring the importance of designing the fuel cycle with a
holistic view that accounts for maintenance and operations planning [3, 4].



Nucl. Fusion 65 (2025) 036010

S. Meschini et al

Table 2. Replacement times and volumes of FW (first wall),
divertor, and VV (vacuum vessel) assumed in this work for an
ARC-class FPP. Divertor and FW volumes are taken from a detailed
CAD model of an ARC-class tokamak [56] that does not necessarily
reflect an updated commercial design.

Parameter Symbol Value Units
VV replacement time trepl, VV 2 y
Divertor replacement time Trepl, div 2 y
FW replacement time Trepl,FW 2 y

VV volume Vyv 3.5 m’
Divertor volume Viiv 0.17 m’
FW volume Vew 0.17 m?

high energy traps) is hard to recover unless destructive tech-
niques are used to increase the surface-to-volume ratio of the
component (see also figure 1). We conservatively assume that
trapped tritium is not recovered, and we discuss this assump-
tion in section 4.1.

The replacement is implemented in the Simulink® model
by exploiting a clock block that resets the trapped inventory
when the component is replaced. The downtime due to main-
tenance activities is still averaged over one year based on the
assumed availability factor, as was done in [3]. The data used
to model component replacement is reported in table 2.

3. Results

To best understand how tritium trapping impacts the fuel
cycle, we organize the results by progressively introducing
more complex, realistic scenarios. Initially, we consider only
intrinsic traps in undamaged materials. Next, we consider tri-
tium trapping at radiation-induced defect sites (section 3.1).
Finally, we explore the influence of component replacements
(section 3.2) by accounting for both trapping population evol-
ution in the new component and device downtime required for
maintenance. Lastly, in section 3.3 we conduct a sensitivity
analysis on the ion flux fraction impinging on the FW and
divertor and on material temperature. These two parameters
are crucial to the accurate description of tritium trapping. The
outcomes from this section are summarized in terms of vari-
ations in TBR, and Firup-

Figure 3 shows the baseline case for an ARC-class FPP
(TBR,; = 1.07 and [garp = 1.45 kg) without trapping. Input
parameters for this model are reported in [3]. Figure 3 shows
small deviations from the results reported in [3] due to the
use here of a numerical solver with higher tolerance of the
numerical solver and different timesteps. This was necessary
to resolve the effects of trapping and be consistent with the
significant digits of tritium trapping properties. The FPP sub-
systems with the largest tritium inventories are shown. These
are the tritium storage system (> 1 kg), the isotope separation
system with ~260 g of tritium, the tritium extraction system
with ~60 g of tritium, and the breeding zone with ~3.5 g of
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Figure 3. Evolution of relevant tritium inventories for the baseline
(no traps) case. A TBR; = 1.07 is required to meet the target
doubling time, 74 = 2'y. FW and divertor inventories are not shown
because out of scale (~1mg).

trittum. The tritium inventory in the FW and divertor is negli-
gible at ~1 mg.

Figure 4 shows the key results from this analysis. The evol-
ution of the storage inventory is plotted for the baseline (no
traps) in figure 4(a). Figure 4(b) shows how intrinsic traps
in the material affect storage inventory evolution. Figure 4(c)
repeats the analysis but considers damage-induced traps as
well. Figure 4(d) adds in consideration of component replace-
ment. The target doubling time is kept fixed at t4 =2y.
Comparison of figures 4(a) and (b) shows that intrinsic traps
alone are not expected to change fuel cycle dynamics, and
TBR; and Igup remain effectively the same as in the
baseline case. However, damage-induced traps have a signi-
ficant impact on the fuel cycle. This is evident in the sharp
increase of TBR; and Iryp in figure 4(c), which is needed to
maintain the fixed doubling time (2 y). Including component
replacements for the FW, divertor and VV (figure 4(d)) fur-
ther increases TBR;, while /gy, remains unaltered because
the initial transient is unaffected by the replacement, which
takes place after 1.7y in this specific case. We chose to model
component replacement at t = 1.7y due to the fixed doubling
time of two years, preventing us from observing the effects of
replacement at ¢ = 2y. Given that the trapped tritium popula-
tion reaches steady state in much less than a year, the replace-
ment could have been executed at any time 1 < <2y with
identical outcomes.

Figure 5 shows the storage inventory dynamics when
TBR, and Iynwp are kept fixed at their baseline case values and
14 is allowed to vary. Figure 5(d) shows the combined effect
of trapping and component replacement in this case. It shows
that the impact on available tritium reserve in the event of a
fuel cycle failure is significant: failure to account for tritium
trapping results in overprediction of available storage invent-
ory by about 1 kg. The effects of tritium trapping also force an
increase in fg when TBR; and Iyarp are held fixed. Accounting
for trapping and component replacement increases #4 from 2y
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Figure 4. Storage inventory evolution at fixed doubling time (¢4 = 2y) for (a): no traps; (b): intrinsic traps only; (¢): trapping site
generation; (d): trapping site generation and component replacements. The corresponding curve is highlighted in each panel. The key
metrics for each scenario (TBR; and Isuarwp) are listed. Intrinsic traps have no discernible impact on tritium storage inventory evolution. A
large increase in TBR; is observed when accounting for damage-induced traps and component replacements for the first wall, divertor, and
vacuum vessel. Note the log scale on the time axis to highlight the initial transient.

to 3y. These results are discussed in detail in the following
subsections.

3.1 Impact of trapping on tritium self-sufficiency

3.1.1. Trapping in undamaged materials. The negligible
impact of intrinsic traps in undamaged materials (ng,; ~ 10~
at%) on tritium self-sufficiency and tritium inventories is illus-
trated in figure 4(b). The TBR; remains unaltered compared
to the baseline case. This can be explained by computing the
steady-state trapped tritium inventory (in intrinsic traps, i.e.
[=1) from equation (13) by setting the time derivative and
the source term equal to zero:

1

+ B?T(rap +O{

Ii1 = B no.t,1 (15)

Tdetrap i m

which results in a negligible amount of trapped tritium (fpw ; ~
Lgiv,c ~0.1mg and Igz, ~ 0.7 g). This is because the mobile
trittum inventory in the FW, divertor, and blanket is low
(Irw,m ~ lgiv,m ~ 1 mg and Igz,;m ~ 3 g).

3.1.2. Trapping site generation in damaged materials. ~ The
first wall, divertor, and structural materials will be damaged
at a high rate (~20 dpa/FPY [52]) in an FPP. While tungsten
is well characterized with regards to damage-induced traps
[14, 21], the structural materials are not. As we do not have
trapping density data for Eurofer 97, Inconel 718, or V-4Cr-
4Ti, we used trapping density and energy data for tungsten to
model the VV’s behavior. No ion-induced traps are present
in the structural materials because they are not exposed to
the plasma ion flux. Trap generation and filling takes a long
time compared to the fuel cycle dynamics (days vs hours)
(figures 4(c) and 5(c)). The storage inventory minimum occurs
at ~30 days when accounting for trap generation due to radi-
ation damage, compared to ~3 days for the baseline (no trap-
ping) case. Since the traps are a tritium sink, higher TBR; and
Itartup are required to achieve tritium self-sufficiency. The tri-
tium loss associated with the damage-induced traps amounts
to ~35¢g in the FW and in the divertor (a ~3500x increase
compared to the baseline case) and 440 g in the VV (a ~150x%
increase compared to the baseline case). The results are con-
sistent with the increase in tritium inventory predicted with
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Figure 5. Storage inventory evolution for TBR; = 1.07 and Isurup = 1.45 kg (kept fixed at the values of the baseline case) for (a): no traps;
(b): intrinsic traps only; (c): trapping site generation; (d): trapping + component replacements. No significant differences appear between
the case with no traps and intrinsic traps only because of the very small impact of intrinsic traps. An increase in the doubling time is
observed when damage-induced traps are considered. Component replacements further increase the doubling time. Note the linear scale
instead of the log scale as in figure 4 to highlight the increase in doubling time.

a component-level model of tritium trapping in tungsten at
1000 K at 20 dpa/FPY [17].

Trap generation has a significant impact on tritium self-
sufficiency. In order to account for this, FPP designers will
likely need to accept longer doubling times (which has
important implications for fusion power expansion) or design
blankets that can achieve higher TBRs while also accepting
a higher required startup inventory (which presents notable
engineering and regulatory challenges). Furthermore, trapped
tritium contributes significantly to the specific activity of the
VV. The specific activity due to tritium amounts to 10'3
Bqkg~! after 2y of irradiation assuming 70% availability.
This value is comparable to the total specific activity (10
Bqkg~!, falling below 10'* Bqkg~' within a year) computed
for a V-Cr-Ti vacuum vessel after 2 years operation in a com-
parable power plant [57]. Total activity depends on the VV
material and radiation exposure, but if using low-activation
materials, trapped tritium dominates overall radioactivity on
short timescales. Trapped tritium must be accounted for when

designing maintenance schemes. Frequently replaced com-
ponents are likely to contain significant amounts of trapped
tritium, which impacts safety and handling.

3.2. Impact of component replacement on tritium
self-sufficiency

While trapping sites eventually saturate, component replace-
ment introduces a ‘fresh’ tritium sink in the fuel cycle. We
assumed that the mobile inventory is recovered from the
removed component via processes like baking, and only the
trapped inventory is lost. Figure 6 illustrates the inventory
evolution assuming replacement of the VV, FW, and divertor
every 2 years. The replaced components behave like a tritium
sink until the trapping sites saturate again. The storage invent-
ory drops accordingly to balance the additional tritium needed.
The impact of the replacement is substantial and increases the
doubling time to 74 = 3y at fixed TBR; . If 73 = 2y is a firm
requirement, TBR in the breeding blanket must increase from
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Figure 6. Evolution of relevant tritium inventories for

TBR: = 1.07 and Istarup = 1.45 kg (baseline case) considering
trapping (intrinsic and extrinsic), and component replacement. The
doubling time is significantly increased because of the component
replacement (VV, FW, and divertor). First wall and divertor curves
overlap.

1.07 to 1.10, which must be accounted for early in the design
stage of the FPP. The start-up inventory is not affected because
the replacement takes place much later than the initial transient
(until the minimum Igorage is reached), which has been shown
to drive the requirements for Zyanup [3].

A comparison of figure 6 with figure 3 shows that account-
ing for tritium trapping and component replacement signific-
antly changes the tritium inventory evolution of the FPP. The
inventory in the VV dominates in this case (440 g), and the FW
and divertor inventories increased up to ~35g.

3.3. Sensitivity analysis

3.3.1 lon flux to the first wall and divertor. The baseline
scenario considered in the previous sections assumed that
a fraction of tritium ions injected into the plasma impinge
on the FW and divertor (f, = 10~%) [3]. The results indic-
ated that tritium trapping in PFCs is negligible if consid-
ering only intrinsic traps (section 3.1.1), while its contribu-
tion (~35 g) becomes comparable to other relevant inventories
(e.g. ~60 g in the TES) when accounting for damage-induced
traps. The impact on tritium self-sufficiency remains mostly
constant regardless of the tritium burn efficiency (TBE [58])
for f, < 1072, as illustrated in figure 7. Beyond this threshold,
fp dramatically impacts tritium self sufficiency. This is caused
by dual effects: increased tritium implantation into PFCs
and a reduced trititum exhaust from the divertor pumps.
For instance, at f, = 0.1, the tritium flow rate in the inner
fuel cycle decreases by 10% compared to the baseline case.
Simultaneously, tritium implanted in PFCs experiences a
longer residence time in the OFC before reaching the storage
system. Atlow TBE (TBE = 1%) the impact is extremely high,
with a 5% increase in TBR, and 30% increase in /srup When
increasing f, from 10~* to 10~!. Compared to the baseline
case (TBE = 2%), TBR; increases from 1.09 to 1.13 and Lartup
from 1.85 kg to 2.50 kg. For higher values of TBE the impact
of f, is weaker but still relevant.

Required TBR

TBE = 1.0%
1.204 -——//
1.151
1.101
/TBE =5.0%
1.05+-+ T T
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Figure 7. TBR; and Iy for different values of tritium ion flux
impinging on the FW and divertor, considering trapping. Tritium
self-sufficiency is weakly affected for f, < 1072, while the impact
becomes significant at f;, > 1072,

3.3.2. Temperature. In our model, the operating temper-
ature affects hydrogen diffusion coefficients, trapping rates,
and detrapping rates, which all follow an Arrhenius law. A
parametric scan over the range 500 —1000 K was performed to
assess the impact of tritium trapping at different operating tem-
peratures in the blanket®, FW, and divertor. The 500-700 K
temperature range can be considered representative of water-
cooled and helium-cooled lithium lead blankets featuring
Eurofer 97 as structural material [59-61], while 800 -1000 K
is the expected range for FLiBe liquid immersion blankets
exploiting high temperature alloys such as Inconel or V-Cr-Ti
alloys [52, 56, 62, 63]. Liquid lithium blankets are expected
to operate somewhere in the middle of this range, although
Li blanket designs are not available in literature for refer-
ence. The analysis was performed over the 500 —1000 K range
for each structural material considered, although we acknow-
ledge that in practice the operating temperature window may
be more constrained (e.g. the Eurofer97 maximum operating
temperature is 800-900 K [64]). Results are shown in figure 8.
TBR; and Isump are strongly impacted by operating tem-
perature: higher operating temperatures relax requirements on
TBR; and /sarup- At lower temperatures, TBR; may be hard
to achieve in the current breeding blanket designs. Recent
studies show maximum achievable TBRs in the 1.15-1.20
range, but only for highly optimized, simplified blanket mod-
els (e.g. ARC-class tokamaks [65, 66]; and various DEMO
blanket concepts [67-69]). Similarly, /arwp i much higher at
lower operating temperatures. At 500 K, the FW and divertor
inventories reach ~135 g, while the VV/blanket retains ~1.5 —
1.8 kg of tritium depending on the material. As the temper-
ature increases, the impact of tritium trapping on TBR; and
Istartup decreases. In general, operating at higher temperatures
may be an effective strategy to counteract tritium retention
in components because it increases the detrapping rate and

8 In the ARC-class tokamak, the blanket and VV are considered as one com-
ponent for this part of the analysis.
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Figure 8. TBR; and Isurp for different values of of materials
temperature, considering trapping in FW, divertor, and VV. Tritium
self-sufficiency is strongly affected by the temperature of these
components.

reduces defect stabilization. This has been observed experi-
mentally; for instance, full recovery of damage-induced traps
was recently observed in Eurofer 97 at 620 K [70], suggesting
that operating at medium-to-high temperatures would be bene-
ficial. However, defect formation mechanisms, such as those
described in [31, 71, 72], may become predominant at very
high temperatures, leading to the opposite effect (increased
retention).

As a speculative exercise, we conducted a tritium self-
sufficiency analysis for a very-high-temperature scenario,
assuming a twofold increase in tritium retention in the FW,
divertor, and VV. This scenario raises the required TBR to
TBR; = 1.11 and the start-up inventory to Jsarup = 2.16 kg.
These values should not be interpreted as upper bounds, as no
saturation was observed up to 2.3 dpa [73], and inventories
and TBR; would likely increase at higher fluences. Ideally,
data would be obtained indicating if and when trapping satur-
ates as a function of dpa, and this data would be used to repeat
the full analysis presented in this paper.

4. Discussion

This study underscores critical research needs related to tri-
tium trapping in fuel cycles. It is necessary to accurately char-
acterize defect populations in structural materials exposed to
fusion neutron irradiation, as defects act as trapping sites. In
the absence of a high-flux fusion neutron source, advanced
computational studies of materials damage will be important.
Tritium trapping will impact tritium self-sufficiency, so a bet-
ter understanding is needed to design effective fuel cycles.
Achieving tritium self-sufficiency will be challenging, assum-
ing that tungsten’s behavior is a good proxy for how radiation
damage will evolve in structural materials. In addition to the
issue of tritium loss from the fuel cycle due to trapping, the
associated buildup of tritium inventory in structural materials
(10 s to 100 s of grams) presents safety and regulatory chal-
lenge (section 3.1.2). Fuel cycle and blanket models that do

not account for trapping may overestimate the plant’s ability
to achieve tritium self-sufficiency.

4.1. Maintenance

Maintenance strategies in a FPP could be profoundly impacted
by tritium trapping. Our findings indicate that trapped tritium
contributes to the specific activity of the FW, divertor, and
structural materials by an amount comparable to the activ-
ity resulting from neutron activation products in the same
components [57]. Remote handling procedures will already
be in place for in-vessel component replacement due to high
levels of neutron activation, but tritium content may require
additional safety measures. While tritium contribution to the
contact dose rate is negligible due to the short penetration
depth of 3 radiation from tritium decay, its high mobility dur-
ing handling procedures can lead to contamination of rooms
and instrumentation. Tritium recovery will be required prior to
component disposal, or a venting and detritiation system will
be needed, as otherwise tritium might easily diffuse through
the component and be released in the rooms. Most tritium
removal techniques explored in the literature focus on carbon
PFC, where co-deposition is the main retention mechanism [9,
74, 75]. However, these techniques are not effective at remov-
ing tritium trapped in the bulk material. Isotopic exchange was
shown to be effective at removing tritium from the surface of
tungsten components, but the process is very slow for bulk
tritium removal [76]. A potential solution for removing tri-
tium trapped in the bulk material is high-temperature baking.
However, this process is effective only at very high temperat-
ures for tritium in high energy traps (see figure 1), but high
temperature baking (or melting) is energy-intensive and could
be cost-prohibitive.

Scheduled maintenance must be carefully planned. This
analysis shows that tritium self-sufficiency is strongly influ-
enced by tritium trapping dynamics, which is in turn affected
by component replacement. If there is a large amount of
trapping, and the retention time scale is fast in the replaced
component relative to inventory doubling time, then compon-
ent replacement can significantly affect the plant’s ability to
achieve tritium self-sufficiency. On the other hand, if the reten-
tion time scale is slow compared to inventory doubling time,
then component replacement may have only a minor impact
on TBR; . Prioritizing the replacement of components with a
large trapped inventory during scheduled downtimes proves
advantageous.

4.2. Start-up inventory and reserve inventory

Since the reserve inventory accounts for a large fraction of the
start-up inventory, its optimization is advisable. The reserve
inventory plays a crucial role in the period after startup, when
the storage inventory has not yet begun steadily increasing,
necessitating the availability of a backup tritium source that
can be used to ensure continuous operation in the event of a
partial fuel cycle failure [3, 4]. Figure 4 shows that account-
ing for damage-induced traps impacts the storage inventory
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evolution significantly and lengthens its initial transient beha-
vior, such that it reaches its minimum in ~20 days instead of
1-2 days. This therefore has clear implications for the reserve
inventory. The reserve time t#.s is the amount of time that
the FPP can operate using tritium from the reserve invent-
Oy lreserve. 1t is typically assumed that f.s is comparable to
the time of the initial transient, which lasts from the start of
operation to the time when Iy,qp reaches a minimum. For
example, in the baseline cases described in [3, 4], t,es = 24 h
and the initial transient lasts 2-3 days. By accounting for tri-
tium trapping, the initial transient period increases by ~10x,
to about one month long (section 3.1.2). The corresponding
increase in leserve could be prohibitive for large scale FPPs.
Therefore, an optimization of ieserve 1S needed that accounts
for the probability of failure during the initial transient and
sets s accordingly.

4.3. Operating temperature

Lower operating temperatures (500-700 K) results in
increased trapping (figure 8), increasing Igarup by 50% and
increasing the trapped inventory in the FW, divertor, VV,
and blanket relative to high temperature ( > 900 K) opera-
tion. Taking the ARC-class FPP modeled in this work as an
example, the tritium inventory in the FW and VV (assumed
to be made of V-4Cr-4Ti) are 135g and 1.5 kg respectively
at 500 K. At 1000 K, the inventories drop to 35 g and 0.44 kg
(section 3.3.2).

Higher temperature operation improves the thermodynamic
efficiency of FPPs and decreases tritium trapping. As max-
imum operating temperatures are constrained by the operat-
ing limits of components and materials, these results further
demonstrate that the development of advanced fusion mater-
ials for high-temperature service should be a key research
priority.

However, very high operating temperatures could also lead
to the formation of complex defect structures that increase tri-
tium retention. Therefore, an optimal operating temperature
might exist at a point where annealing dominates defect evol-
ution and happens at a sufficiently high rate that the formation
of large, tritium-trapping voids is precluded [73].

4.4. Plasma-material interactions

The current study considers some of the effects of plasma-
material interactions on the fuel cycle, such as ion-induced
traps and ion implantation. However, the model presented here
does not account for all phenomena. For example, the interplay
between ion implantation flux and radiation damage evolu-
tion in FW materials has not been well characterized. Trapped
hydrogen in the FW may greatly reduce annealing, leading
to a significant increase in the trapped tritium inventory. In
fact, [30] showed that W samples exposed to simultaneous W
and D irradiation had increased tritium retention relative to W
samples subjected to the same two irradiations in sequence.
The presence of D ions during exposure stabilizes the radi-
ation defects, leading to much stronger tritium retention at low
temperatures (300 K). This effect decreases with temperature

due to the higher de-trapping rate of D, which reduces defect
stabilization and decreases the number of trapping sites [77].

Additionally, the chemical bonding of tritium ions on the
surface of the walls has been neglected in this model. Wall
conditioning via addition of a thin layer of low-Z material (e.g.
Li or B) is a common practice to limit sputtering of the high-
Z FW material. While this practice is effective in reducing
core plasma contamination due to high-Z impurities, the low-Z
material layer can form strong chemical bonds with hydrogen,
resulting in an additional tritium sink.

The co-deposition of tritium with eroded material is also
neglected. Modeling the effects of this phenomenon entails
two challenges: quantifying the amount of wall material that is
eroded, and quantifying the amount of tritium that co-deposits
with it. Although trapping is the primary retention mechan-
ism of tritium in W, co-deposition acts as an additional tritium
sink.

Lastly, the fraction of tritium ions impinging on the walls
has been shown to strongly affect tritium self-sufficiency
above a certain threshold (section 3.3.1). This underscores
the importance of quantifying f, from experiments or from
plasma physics simulations. From a plasma operation per-
spective, schemes that utilize plasma turbulence to increase
the scrape-off layer width may likely increase the ion flux to
the wall. Therefore, a trade-off might arise between heat flux
management at the divertor and limiting tritium implantation
in the FW.

4.5. Advantages and limitations of the model

The tritium trapping model presented in section 2 offers
several key advantages over the simplified, physics-agnostic
approaches used in previous fuel cycle models [4-6, 32].
Approaches such as using a user-defined fraction of tritium
retained in a component, or incorporating a sink term that sat-
urates at a predefined value, rely heavily on external data from
component-level models or experiments. These data must
align closely with the operating conditions of the fuel cycle
model, which poses significant limitations. Experimental data
are typically based on conditions relevant to experimental
devices rather than those of an FPP, and they cover a narrow
set of materials and operating temperatures. Furthermore, run-
ning component-level models for every relevant set of inputs
would not only be computationally intensive but also fail to
account for the dynamic interactions among different com-
ponents in the fuel cycle. In contrast, the physics-based trap-
ping model implemented in this work eliminates these con-
straints. By explicitly modeling tritium trapping and material
damage dynamics, the model can account for any material
or operating temperature, provided the necessary properties
are known. This approach enables more realistic estimations
of trapped inventories and ease the exploration of the design
space. Regarding the limitations of the trapping model presen-
ted in this work, it adopts the same approach as previous stud-
ies on hydrogen retention in fusion components [34, 78-80].
The main underlying assumption is that tritium transport can
be described at a macroscopic level using the parameters (p, k,
D, A) and a few trapping energies representative of the energy
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landscape of the material. This approach is usually satisfact-
ory (e.g. the models used in [34, 78—80] were validated against
experiments), but the complexity of irradiation damage might
introduce phenomena for which the model does not account.

For instance, the conventional point defect model of tri-
tium transport assumes that each trap can accommodate a
fixed amount of hydrogen (in our model, a single atom).
However, detailed cavity descriptions using a non-equilibrium
thermodynamic model showed that the point defect model
may not accurately describe the amount of hydrogen that can
be trapped in voids [71, 72]. Large amounts of tritium trap-
ping in voids has been observed in fission-neutron-irradiated
tungsten [31]. Recent research (unpublished at the time of
this work) found that at high temperatures (~1350K), tritium
retention and the tritium saturation concentration increased
[73]. The density and size of defects in W were very similar
to those described by [31], suggesting that the transition from
vacancies and small vacancy clusters to large voids leads to an
increase of tritium retention consistent with the cavity descrip-
tions of [71, 72].

Note that the data for neutron-damage-induced traps in
tungsten are derived from self-ion irradiation experiments
[37, 81-83, 84]. Heavy ion irradiation has been shown to be
a reasonable proxy for neutron damage. W samples irradi-
ated in the High Flux Isotopic Reactor [20] exhibited radi-
ation defects comparable to the defects observed in self-ion
irradiated W [85] at low dpa (<0.3) and room temperature9
Due to the absence of a high-energy, high-fluence neutron
source that could provide more reliable data, these values
are considered acceptable to describe neutron-induced traps
and perform tritium retention analyses [42, 79]. However, the
effect of fusion neutrons (i.e. 14 MeV neutrons) might not be
exactly replicated by self-irradiation experiments. Similarly,
we assumed the neutron-induced trap energy and density in
structural materials to be the same as in W, considering that
the FW and the VV are two adjacient components in ARC-
class tokamaks, thus experiencing similar neutron fluence at
comparable energies. These assumptions highlight the crucial
needs for reliable data on trap energy, trap density, and defect
evolution in neutron-irradiated structural materials.

5. Conclusions

Tritium trapping must be considered when assessing tritium
self-sufficiency and tritium inventories in FPP. This study rep-
resents a step forward in explicitly accounting for tritium
trapping through a physics-based model within a dynamic,
system-level framework to quantify fuel cycle requirements.
Intrinsic traps in FW, divertor and VV materials do not signi-
ficantly impact tritium self-sufficiency, while damage-induced
traps lead to a 2.5% increase in the required TBR and a 30%
increase in the required start-up inventory. We emphasize that
2.5% is a nontrivial increase in the required TBR, consider-
ing the difficulty of achieving a high TBR in state-of-the-art
blanket designs. It would be very difficult to add breeder or

9 Trapping site saturation can occur at similarly low dpa [21].

multiplier volume to achieve an extra 2.5% increase in TBR
in a near-final FPP design, so trapping effects must be accoun-
ted for early in the design stage. Furthermore, if a large frac-
tion (f,) of tritium ions are trapped in the FW and divertor
materials, the increase in the required TBR can be as high
as 5%. Component replacements further complicate tritium
self-sufficiency by introducing a large, periodic tritium sink
in FPP operations. Beyond the implications for tritium self-
sufficiency, the combination of tritium trapping and compon-
ent replacements imposes burdens on maintenance and waste
disposal. Tritium inventories trapped in replaceable compon-
ents are in the range of ~10g—100g, necessitating strin-
gent radiation protection procedures and requiring detailed
safety analysis to assess whether these inventories might be
mobilized in the event of an accident. Lastly, the periodic tri-
tium sink resulting from component replacement sets a max-
imum acceptable replacement frequency, unless novel tritium
removal techniques capable of efficiently extracting most of
the tritium within short periods are developed.
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Appendix. Damage-induced traps

The input data for the damage-induced traps in tungsten are
taken from [17] and reported in table A3.

Table A3. Input parameters for the damage-induced traps in FW,
divertor, and VV. Data from [17]. The last neutron trap is never
annealed.

Parameters
Trap E, (eV) K (m3dpa™") nmx (m™3) Ea (eV)
Ton-induced 1.15 9x10%  69x10% 024
Neutron-induced #1  1.35 42x10%°  7.0x10® 024
Neutron-induced #2  1.65 25%x10%  6.0x10®° 030
Neutron-induced #3  1.85 50x10% 47x10®° 030
Neutron-induced #4  2.05 1 x 10%° 2.0 x 10% —
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