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A study on bi-directional hydrogen isotopes permeation through the first wall of a magnetic fusion power reactor

ZHOU Haishan (Student ID: 20111003)

School of Physical Sciences, Department of Fusion Science

For the construction of magnetic fusion reactors, reduced activation ferritic steels (RAFSs) such as F82H are
currently considered to be the candidate materials for the first wall. In this PhD thesis research, one of the technical
issues related to hydrogen isotopes transport through the first wall has been studied. For the blankets employing
self-cooled breeder, the first wall is exposed to the edge plasma, containing energetic D" and T on the one side and
on the other side it is exposed to T, gas bred in blankets. Under these conditions, it is highly possible that these
hydrogen isotopes would penetrate the first wall by a phenomenon called “bi-directional permeation”: (1) deuterium
as well as tritium would transport into the blanket by plasma-driven permeation (PDP), which will hinder the
recovery of trittum and will probably necessitate isotope separation; and (2) trittum would flow in the counter
direction to the edge plasma by gas-driven permeation (GDP), which will affect edge plasma density. Despite its
critical importance, there have been neither experimental nor theoretical studies on bi-directional permeation of
hydrogen isotopes through reduced activation alloys. This PhD thesis research aims to understand the physical
mechanisms driving hydrogen isotopes permeation processes and to establish fundamental knowledge databases for

designing fusion power reactors.

Hydrogen permeation through a reduced activation ferritic steel alloy: F82H has been investigated in a steady
state laboratory-scale plasma device: VEHICLE-1 under some of the reactor-relevant conditions. In PDP
experiments, the hydrogen permeation flux is measured by a quadrupole mass spectrometer (QMS) at the
downstream side. The plasma density is of the order of 10°-10'° cm™ and the electron temperature is ~3 V. The
particle bombarding energy is controlled by a negative bias voltage applied on the membrane flange. The net
hydrogen implantation flux is estimated by taking into account the hydrogen species mix and reflection coefficient
data. In GDP experiments, the upstream hydrogen gas pressure is 1.3x10*10° Pa measured by an absolute pressure
gauge and the hydrogen permeation flux is measured by another QMS in VEHICLE-1 chamber. For all the
permeation experiments, the membrane samples made of F82H and SUS304 are prepared in the same dimensions
as those commercially available conflat flanges with an outer diameter of 70 mm, except that a circular area of 35
mm in diameter inside the knife-edge is machined down to thicknesses of 0.5 to 5 mm. A resistive heater is set

beneath the membrane and the sample temperature varies from 220°C to 520 °C.

The hydrogen transport parameter data taken for SUS304 have been found to be in good agreement with the
literature data, which means that the experimental setup on VEHICLE-1 is valid for the evaluation of other first wall
candidate materials. Both GDP and PDP data through F82H show thickness dependence, suggesting that hydrogen
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permeation is diffusion-limited under some of the reactor-relevant conditions. The hydrogen transport parameters
such as permeability, solubility, diffusion coefficient and surface recombination coefficient have been successfully
measured for F§2H. In particular, the surface recombination coefficient, which is essential to correctly predict the
hydrogen isotopes permeation flux through the first wall, has been experimentally measured for the first time. Using
the measured parameters and the steady state permeation model, hydrogen isotopes permeation flux and the

dynamic wall inventory under some of the reactor-relevant conditions have been evaluated.

The surface effects on hydrogen PDP have been investigated from two aspects: surface contamination and
morphology. A new model has been proposed to interpret the surface condition effects. Thick surface impurity film
has been found to act as a second layer for diffusion and reduce the permeation flux in both laboratory and tokamak
experiments. A decrease in steady state permeation flux has been measured when increasing plasma-facing surface
area, which is in agreement with the theoretical prediction, i.e., the steady state permeation flux is inversely
proportional to the square root of surface area. Experiments indicate that the permeation flux can be further reduced

by simultaneous surface oxidization and area modification.

As a proof-of-principle experiment, first wall particle flux measurements in the QUEST spherical tokamak have
been conducted, using a permeation probe that employs F82H as the membrane and also SUS304 as a comparative
reference membrane. Permeation measurements have been done during the conditioning steady state discharges
heated with 245 GHz and 8.2 GHz ECR. Diffusion and surface recombination coefficients measured in
VEHICLE-1 are used to interpret the results from the permeation probe measurements in QUEST. A much shorter
PDP breakthrough time and higher steady state permeation flux have been found for F82H than SUS304, which is
consistent with the results from VEHICLE-1 experiments. The effect of plasma heating power indicates that the
steady state permeation flux is roughly proportional to the square root of the implantation flux. The F82H

permeation probe shows good sensitivity to the variation of plasma parameters.

Bi-directional hydrogen (H) permeation has actually been demonstrated for the first time in a laboratory-scale
steady state plasma facility. Gas-driven permeation hydrogen flows from the gas-facing surface into helium, argon
and hydrogen plasmas have been measured. For the bi-directional hydrogen permeation experiments, the membrane
temperature is set between 550 and 600 °C, the hydrogen gas pressure for GDP is increased to 9.3x10* Pa. At the
plasma side, the electron temperature is raised up to ~10 eV for the improved sensitivity of H, spectroscopy.
Experiments indicate that gas-driven permeation can take place in the opposite direction of plasma-driven
permeation, which then results in an unwanted increase in edge plasma density. A one-dimensional diffusion code:
DIFFUSE has been utilized to simulate the experiment. The modelling result has been found to be in relatively good
agreement with the experimental data. Hydrogen PDP flow from the plasma side to the gas side has been detected as
well. The driving pressure for GDP has been found to decrease slower when a bias is applied to the sample,

suggesting a PDP flow into the gas side.

DIFFUSE-code has extensively been executed, employing multiple hydrogen isotopes (D/T) for bi-directional

permeation. The input data for DIFFUSE are such that the thickness of a membrane made of o-Fe (used as a
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surrogate of F82H) is 5 mm, the D/T inflows from the upstream (plasma-facing) side are driven by PDP with D/T
implantation fluxes of 5 x 10"> D/cm’/s and 5 x 10" T/cm®/s at a bombarding energy of 100 ¢V. The T inflow from
the downstream (gas-facing) side is driven by GDP. Results indicate that the same isotopic species interact with
each other in the two counter flows. Deuterium flow appears to be independent of these tritium flows, driven by its

own concentration gradient.

Re-analysis of the tritium flows in a FLiBe loop has been performed, taking into account tritium leakage from
the first wall. The tritium pressure has been found to be ~1.1x10° Pa, which is ~10% of the tritium equilibrium
pressure in FLiBe at a temperature of 527 °C. Under these conditions, ~68% of the bred tritium will be released at
the plasma side by GDP. Assuming a particle reflection coefficient of 0.5 and a total incident flux of 2.0x10'

D&T/cm’/s, the first wall recycling rate has been estimated to be 1.006.
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