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The control of tritium inventory and permeation is crucial for the safe operation of fusion reactors. To measure
these phenomena, a novel tritium experiment is introduced and used to measure tritium permeation through
Eurofer97 at room temperature, with several possibilities for the downstream conditions: air or water and
overhead air. A pre-loading condition was shown to be required for this experiment. This direct comparison

revealed that tritium is preferentially found in the water phase and secondarily in the air phase.

1. Introduction

Controlling the tritium trapping and permeation in and through
the walls of fusion reactors is a prerequisite for their safe opera-
tion [1]. To predict these phenomena, a precise understanding of the
properties of fusion-relevant materials is required. A novel tritium
permeation experiment called Wapiti (WAter-interface Permeation In
Tritium-exposed materlals) is introduced in the present work, along
with its experimental protocol. This experiment aims at measuring
tritium permeation at room temperature with the possibility of adding
water to the downstream medium.

The MHIMS model for diffusion and trapping of Eurofer97 intro-
duced in [2] to replace the effective diffusivity model, which is not
suitable for materials with multiple trapping sites, is then used to select
the optimal conditions for the Wapiti Eurofer97 measurements. This
analysis reveals that the high-energy trapping sites need to be filled for
permeation to take place within a reasonable time frame. This filling
of the trapping sites is performed by exposing the sample to tritium at
150 °C.

A first comparison of tritium permeation through Eurofer97 with ei-
ther air or water and air as the downstream medium is then performed.
This experimental analysis reveals that the measured permeation fluxes
into the water are larger than the ones measured in air; furthermore,
the presence of water decreases the amount of tritium found in the
accompanying air phase. Further experiments are required to identify
the underlying processes and separate surface effects from bulk ones.
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2. State of the art

The transport parameters (diffusivity D, permeability @ and solu-
bility K) of hydrogen and deuterium in Eurofer97 have been measured
by several teams using gas-driven permeation experiments and found
to be in agreement [3-6]. The Arrhenius plot of diffusivity indicates
that permeation is not purely interstitial. The deviation from the usual

D(T) = D, exp;Bi? is attributed to the influence of trapping. The

effective diffusivity model proposed by Oriani [7] is therefore used to
model this hybrid behavior, as shown in Fig. 1.

This behavior calls for an additional investigation of the trapping
behavior in this material, which can be performed through Thermal
Desorption Spectrometry (TDS) experiments. The study detailed in [2]
uses both this technique and simulations of permeation experiments
performed with the MHIMS code [8] to yield a model that satisfyingly
reproduces hydrogen permeation and deuterium desorption experi-
ments. This model includes three trapping sites, two of which have
rather high detrapping energies (1.27 eV and 1.65 eV). This model is
limited in its validity by the experiments that were used to establish it;
in particular, none of these experiments were performed with tritium,
although this isotope is the relevant one for safety regards. Tritium
experimental results are scarce, and direct comparisons between tri-
tium and deuterium or hydrogen permeation experiments on RAFM
steels are even scarcer; [9] finds a diffusivities ratio close to \/m
for experiments conducted on F82H (a material also belonging to the
RAFM family) at higher temperatures, but mentions a deviation from
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Fig. 1. Hydrogen diffusivity in Eurofer97, measured with gas-driven permeation
experiments and modeled with effective diffusivity. Experimental data obtained with
the Hypertomate experiment [6] are also displayed.

the classical square root of the masses ratio approach at lower temper-
atures, likely because of the influence of trapping. Few other tritium
results are available, such as HT diffusivity in Eurofer97 [10]. Tungsten
has been the focus of most of the tritium permeation studies [11,12].
Operating an experiment with tritium brings opportunities beyond
what hydrogen and deuterium have to offer: desorption into water can
be measured easily with Liquid Scintillation Counting (LSC) and the
detection limit of tritium is considerably lower than that of deuterium
or hydrogen due to its beta emission, which makes the detection of
room-temperature permeation fluxes possible. The goal of the Wapiti
experiment introduced in the present paper is therefore to explore these
particular conditions: room-temperature permeation and permeation
with the downstream medium containing water.

3. Experimental setup

The Wapiti experiment is a simplified version of the Hypertomate
experiment introduced in [6], adapted to the tritium environment
constraints and in particular to the limited available space in the
glovebox. It consists of three independent and identical permeation
cells that contain tritium upstream and either air or water and air in the
downstream enclosure, as shown in Fig. 2. The upstream volumes have
been minimized to around 2 ml each to mobilize the smallest possible
amount of tritium for each experiment.

During an experiment, the three-way valves on top of each per-
meation cell are on bypass mode: the permeating tritium accumulates
in the downstream enclosures. To perform a measurement, the valves
are opened to sweep air into the cells. The permeated tritium that
flows to the bubbler associated with the permeation cell, where tritium
is accumulated. Each bubbler consists of four feeding bottles, with
the first two accumulating HTO and the last two HT. The bubblers
are located outside of the glovebox to lower their background noise
and make sampling easier. For experiments including water in the
downstream enclosure, the water is directly sampled and its activity
is measured using LSC.
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Fig. 2. Diagram of two side-by-side Wapiti permeation cells, one of them containing
water downstream.

4. Experimental protocol
4.1. Tritium injection and reabsorption

The tritium injection is performed in a dedicated glovebox that con-
tains the tritium source. Tritium is stored as uranium tritide: following
the reaction 2U + 3T, « 2UTj;, gaseous tritium is released by heating
up the uranium bed. Reciprocally, tritium is reabsorbed by lowering the
temperature of the uranium bed. Fig. 3 shows a Wapiti permeation cell
connected to the tritium loading rig. The tritium pressure is measured
using piezo gauges P; and P,. Valve V. connects the device to a
turbopumping unit, whose exhaust is sent to the laboratory chimney.
Tritium releases are carefully monitored and avoided by reabsorbing
on the uranium beds as much as reasonably possible.

The standard injection procedure consists of four steps (additional
leak detections can be performed):

1. Permeation cell connection: using the VCR® fitting shown in
Fig. 3, the Wapiti cell is connected to the tritium loading rig.
Valves Vp, V|, V, and V; are then opened to evacuate the
residual pressure. After a few minutes of pumping, V, is closed
and the pressure measured by P, is checked to remain constant.
This step ensures that no major leak is present.

2. 3He cleaning: a first desorption-reabsorption cycle is performed.
If a residual pressure is measured once the uranium bed is back
to room temperature, it is attributed to *He resulting from T
decay and released to the chimney. The absence of tritium from
this release is monitored at the chimney. This initial step ensures
that the subsequent releases will only contain pure T,.

3. T desorption: with all valves open except V, the uranium bed is
heated up until the target tritium pressure is reached (between
50 mbar and 1 bar). Valve Vy is then closed and the tritium
remaining between valves Vp and V. is reabsorbed by cooling
down the uranium bed. This method guarantees an optimized
use of the exact amount of tritium required for the experiment.

4. Resting: following the desorptions of T, from the uranium bed,
the background contamination of the glovebox increases. The
permeation cell is left for several ventilation cycles inside the
glovebox to decrease the contamination of the glovebox atmo-
sphere.

5. Transfer: Once the glovebox contamination is back to accept-
able levels, the permeation cell is cleared by the safety officer
and transferred under their supervision to the dedicated Wapiti
glovebox, where the measurements take place. By moving the
permeation cells to a second glovebox that does not contain
the tritium source, the background noise of the measurement is
considerably lowered.
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Fig. 3. Diagram showing a Wapiti permeation cell connected to the uranium tritide
bed.

4.2. Permeation measurements

Once a permeation cell has been transferred to the dedicated mea-
surement glovebox, it is connected to its associated bubbler. A diagram
presenting the working principle of a tritium bubbler is shown in
Fig. 4: the gas containing tritium flows through four bottles (B, to
B,) filled with micro-filtered water. In bottles B, and B,, tritium in
the HTO form is captured; HT remaining in the airflow is oxidized
by the catalytic oven and captured in bottles B; and B,. After the gas
containing tritium has flowed through the bubbling system, the four
bottles are simultaneously opened and water is sampled from each one
of them. The volume of these samplings is typically around 1 mL. The
four resulting samples are then analyzed with the Isc technique, which
measures the tritium volumetric activity in tritiated water samples.

Because bubblers accumulate the activity over the course of the
experiment, the experimental protocol is adapted to separate the back-
ground contributions from actual measurements. Each measurement of
the air phase is done following three steps:

1. Background sampling of the four bottles in the bubbling system
to obtain AEaCkgmund, the background activity corresponding to
the nth experimental point

2. Permeation cell sweep

3. Permeation sampling: the four bottles are sampled a second
time, which yields AP*™°" ' the activity of the nth experimen-

tal point.

The cumulated activity corresponding to the nth sampling is subse-
quently evaluated as

ermeation background
A, = A, + AV —AE (€))

In the case of a water-air cell (as shown in the right part of Fig. 2),
the air is sampled first, after which the top part of the cell is opened
to allow for direct sampling of 1 mL of water. This volume of water
is immediately replaced by 1 mL of pure distilled water. The dilution
created by this operation is taken into account in the processing of the
data.

4.3. Measurement error evaluation

Typical gas-driven permeation experiments (such as Hypertomate
introduced in [6]) have a high repeatability due to the cyclic nature
of permeation measurements at higher temperatures. In the case of
Wapiti, the experiment is not repeated in cycles due to the complexity
of tritium injection, release and reabsorption combined with the slow
permeation rate that makes experiments last for several weeks. As
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a preliminary estimation, the measurement error of Wapiti can be
conservatively evaluated:

— The trapping efficiency of HT and HTO in the tritium bubbling
systems leads to an error of + 10% on tritium activity

— The sampling error caused by the re-sampling that is necessary to
perform LSC measurements is also + 10%

— The technical specifications of the scintillation counter report a
63% minimal efficiency for tritium, which means that the tritium
contamination can be underestimated by around 35%.

Using Gaussian error propagation, we consider in the following that
the measurement error of Wapiti is —14%/+38%. This conservative
evaluation is expected to be replaced by a more precise one based
on repeatability once more runs of the experiment will have been
performed.

5. Preparation of the experimental protocol using the mhims
model

5.1. MHIMS evaluation of the permeation timelag

The Wapiti experiment operates at room temperature: the perme-
ation fluxes are expected to be orders of magnitude lower than the ones
measured with high-temperature experiments such as Hypertomate [6],
and similarly the time required for tritium to reach the downstream side
of the sample (referred to as timelag in the following) is much longer.

Estimating the timelag is necessary to prepare the tritium experi-
ments. Because the effective diffusivity model that conveniently eval-
uates the timelag as 71, = #zeﬁ is not suitable for Eurofer97 as shown
in [2], more complex models are required.

The three-traps model for Eurofer97 in MHIMS can be used to
estimate the timelag. The results need to be treated as qualitative only,
as this model has only been validated against hydrogen and deuterium
results obtained at higher temperatures.

Fig. 5 displays the result of a MHIMS simulation that uses the
three-traps and kinetic surface model introduced in [2], with a loading
pressure taken at 500 mbar of pure T,. We can notice in this figure that
after a full year, the permeation front has not reached the first 2 pm,
although permeation samples are typically 500 pm thick. This simula-
tion indicates that room-temperature tritium permeation in Eurofer97
cannot be measured within an acceptable time.

5.2. Loading protocol

The permeation cycles simulations performed in [2] have shown
that the presence of irreversible trapping sites in Eurofer97 leads to
a considerable increase in the first timelag, because of the extra time
needed to fill these sites. However, because these sites remain full
during subsequent permeation cycles, this effect only occurs on the first
timelag.

The room-temperature permeation timelag can therefore be made
shorter by filling the irreversible trapping sites. To that end, the fol-
lowing loading procedure is proposed to kick-start permeation in Euro-
fer97:

1. Tritium is injected in the upstream part of the cell, at the
pressure picked for the permeation experiment.

2. The sample is heated up to 150 °C for 45 min using a heating
cord wrapped around the cell. The temperature and duration of
the loading step were set to fit the safety requirements of the
glovebox.

3. The sample cools down relatively quickly (in a matter of min-
utes) thanks to the active ventilation of the glovebox.

4. Tritium is reabsorbed on the uranium bed.
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Fig. 4. Diagram presenting the main elements that constitute a tritium bubbling system. The gas flows through bottles 1 and 2, where HTO is captured; the remaining HT is then

oxidized in the catalytic oven and captured in bottles 3 and 4.
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Fig. 6. MHIMS simulation of permeation through 420 pm of Eurofer97 with the first
trap only, resulting in a timelag of around 4 days.

At the end of this loading procedure, the irreversible trapping sites
in the sample are considered to be full and therefore not interfer-
ing with permeation any longer. The permeation timelag through the
loaded sample can thus be estimated with MHIMS as done in Fig. 5 by
removing the irreversible trapping sites from the model. The result of
this simulation is shown in Fig. 6

The simulation results displayed in Fig. 6 indicate that the timelag
through a 420 pm thick sample is reduced to around 4 days if the first
trapping site is the only one considered. Fig. 7 shows a comparison
between the permeation signal measured through a loaded sample and

-10°

* Pre-loaded sample
9 | |*Non-loaded sample

||

Tritium activity in air (Bq)

0 : : *
0 10 20 30 40 50

Time (days)

Fig. 7. Comparison of the cumulated activities measured through a pre-loaded and non-
loaded sample, showing that the loading phase is required to measure a RT permeation
signal through Eurofer97.

an unloaded one: tritium is only measured downstream of the loaded
sample. This loading procedure is therefore applied to all subsequent
Eurofer97 room-temperature tritium experiments.

6. Comparison between tritium permeation into air and into wa-
ter

6.1. Presentation of the results

For this comparison, the upstream conditions are the same for all
three samples (250 mbar of pure tritium). All three cells underwent
the loading procedure detailed in Section 5.2. In two of the cells, the
downstream enclosure contains 4 mL of water and around 4 mL of
air, while the third contains only air. Air is therefore sampled in all
three cells, while water can only be sampled in cells 1 and 2. These
experimental conditions are summarized in the diagram of Fig. 8.

The tritium activities measured in the downstream enclosures are
shown in Fig. 9. The points where a permeation is established are
connected by dashed lines and the corresponding permeation flux is
indicated.

Fig. 9(a) compares the fluxes measured in the air phases of the
three cells. Noticeably, the flux in the cell containing only air (1546 Bq
day~1) is much larger than the fluxes measured in the cells containing
water and air (540 Bq day~! and 247 Bq day~!). This trend indicates
that permeation takes place easier with a downstream phase of air
only whereas the additional layer of water tends to slow down the
permeation process into air.
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Fig. 8. Setup of the Wapiti experiment comparing Eurofer97 permeation with varying downstream conditions. The first two cells contain water and air downstream while the
third one only has air downstream. All three samples have been loaded beforehand and the working pressure is 250 mbar of pure T,.

Fig. 9(b) shows the fluxes measured in the water phases in cells 1
and 2. These fluxes are one order of magnitude higher than the ones
measured in the air phases. This trend indicates that the accumulation
of tritium resurfacing on the downstream surface is easier in water than
in air.

From this comparison, we can extract the following trend for the
permeation fluxes J;:

Jwater > Jair > Jair through water
6.2. Discussion and open questions

This preliminary comparison of permeation into water and into air
raises questions that require additional experiments to be answered.
First, we can notice that the fluxes measured in cell 1 are lower than
those of cell 2, although the experimental conditions are supposedly
identical for these two cells. This discrepancy could be caused by the
growth of the oxide on the downstream surface that likely took place
during the loading phase: as shown in [13], the presence of an oxide
layer on Eurofer can reduce the permeation flux. This lead requires
“post-mortem” analysis of the samples to be verified, which is difficult
to perform on tritiated samples such as the ones of this study. The
loading phase of the Wapiti experiment will therefore be repeated with
hydrogen instead of tritium and the oxide layer will be characterized
with XPS. Additionally, this tritium experiment will be performed again
with a protective Pd coating to exclude surface effects from the analysis,
as such a coating is expected to improve recombination [14].

The process through which tritium reaches the water phase also
needs to be characterized. Once the permeating atoms reach the down-
stream surface exposed to water, they can either recombine with an-
other surrounding tritium atom and form solute T, in the water phase
or turn to HTO through isotopic exchange. In the specific case of
Eurofer97, the interaction of water with the downstream surface also
results in the formation of small rust particles: the rusting process is also
likely participating in the contamination of the water. The propensity of
Eurofer97 for rusting has been mentioned in [15], and [16] found the
corrosion resistance of Eurofer97 and ODS-Eurofer to be lower than in
standard stainless steels such as AISI 430. The present measurements
do not discriminate between T,, HTO and solid particles generated
by the corrosion process. This separation will be performed in the
future by centrifuging the water samplings. The tritium content of
the resulting solid particles will then be analyzed with total dissolu-
tion [17]. Centrifuging is also expected to lower the amount of solute
T,: by comparing the activity levels before and after centrifuging,
trends regarding the influence of the three possible processes will be
extracted.

Cell 1 - Water + air
* Cell 2 - Water + air
= Cell 3 - Air only
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Fig. 9. Permeation into air and into water.

7. Conclusion

Tritium permeation at room temperature through pre-loaded Eu-
rofer97 samples was measured using the novel Wapiti experiment. In
two of the cells, the downstream medium was water with an overhead
air phase; the third cell contained only air downstream. The compar-
ison between the fluxes measured downstream reveals that tritium is
found primarily in the water phase and secondarily in the air phase.
The presence of oxide layers on the downstream surfaces could ex-
plain the discrepancy witnessed between two similar permeation cells.
Additional experiments were proposed to isolate surface effects and
bulk ones, and to identify the contribution of isotopic exchange, T,
dissolution and corrosion to the water contamination.
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