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Between plasma and “wall”: hydrogen transport in metals.

Arseniy Kuzmin (H20/2008%%)

Understanding hydrogen transport through materials,

exposed to plasma.

1. Introduction

Hydrogen, the simplest atom, still poses difficult questions, answering some of
which may give us many practical advantages. For example, in thermonuclear
fusion hydrogen is both the source of energy in the core plasma, and a
troublemaker when it reaches the walls. But fusion is not the only application of
hydrogen for energy production, the research to develop a hydrogen power
source for automobiles and more is ongoing. For hydrogen separation, a fast and
selective permeation of hydrogen through some material is beneficial. On the
other hand, hydrogen diffusion in structural materials in any industry, but
especially where atomic or ionic hydrogen may be present, poses a threat:
hydrogen in metal lattice usually makes the metal brittle and reduces its ductility. If
such embrittlement could be overcome in fission reactors, many new safer, more
economical designs will become feasible.

In short, if one had perfect control of the hydrogen transport through materials,
many practical problems in modern society can be solved. To name a few, in both
fusion and fission reactors an ideal barrier for hydrogen would be desirable. But
for hydrogen segregation a fast hydrogen permeation with speeds of an
unobstructed orifice is a dream. And it turns out that both dreams are if not

reachable, but approachable.

2. My background
Carbon materials were the plasma facing materials in previous generations of

experimental fusion devices.
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Fig. 1. Enhancement of hydrogen retention in CFC Fig. 2. Effect of oxygen on deuterium retention in CFC
graphite when Oxygen is added to Deuterium plasma graphite [1].

[1].

When | was still a student at National Research Nuclear University “MEPHI”, in
our lab we worked on several fusion application problems, such as investigation
and possibly reduction of hydrogen retention in carbon materials. We used a small
experimental set-up to irradiate samples in a cold plasma and then measure how
much hydrogen they’ve retained. We’ve discovered that adding just a little amount
of oxygen to our mostly hydrogen (or deuterium) plasma led to a significant
increase in hydrogen retention, as shown in Figure 1. Noticeably, this effect was
present over a wide range of irradiating ion energies, and remained even when
our graphite sample was positively biased and irradiated by low energy electrons.
This led us to believe that oxygen and its chemistry plays an essential role. To
investigate further, we fixed our irradiation parameters and scanned the oxygen
concentration. And we discovered something unexpected: there was a maximum
of deuterium retention at oxygen concentration of about 2-3%. Our explanation of
this observation was that there are two competing processes. First process —
“activation” of the surface, when presence of oxygen leads to easier dissociation
of hydrogen containing molecules, such as H> and H2O, on the surface of the
graphite. Second — “passivation”, where a thick oxide layer forms on the surface
and reduces hydrogen diffusion in the bulk of the material.

These results formed a portion of my dissertation. The publication practices
back home were quite different from a “standard”, and these results were
published afterward by my supervisor [1]. Later it turned out that graphite served
their purpose for a fusion reactor for a time and now presented too many new
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problems. The fusion community moved on from a carbon wall to a full metal one,

except for a special region called a divertor, where some graphite still remains.

3. Coming to Japan

1.5

1.0

heater

4

0.5

Movable limiter

Z (m)
(=4
(—}
Central Stack (CS)

= L B N L =

MAFAR P s s s e SR
S5 1.0 05 00 05 1.0 15
R (m)

Fig. 3. Schematic diagram of permeation probes in
QUEST tokamak [3]. Permeation probes are indicated

as PP and RLP.
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Fig. 4. Permeation probe sensor [2]. a. schematic
view, b. photo of a probe, and c. a probe installed in
QUEST. QMA — quadrupole mass analyzer

| also moved on and came to Japan to work on a spherical tokamak QUEST in
Kyushu University. There | worked with metal membranes, and my goal was to
develop a method to measure atomic and ionic fluxes coming to the walls of the
plasma vessel. | used a PdCu alloy membrane due to its favorable characteristics
for hydrogen diffusion. This research is still ongoing, and | continue to collaborate
with the QUEST team to improve the understanding of hydrogen transport in a
fusion device. An interested reader can find detailed explanation in my papers
[2-6]. To give a brief overview of my work at QUEST, the set-up diagram is shown
in Fig. 3. The probes are used during both cleaning and confined tokamak
discharges. In the figure various parameters are displayed, but the important point
here is a spatial distribution of the permeation probes (PP) throughout the
tokamak. There is one probe on the top and one at the bottom divertor, two
probes at the wall near mid-section, and one movable probe at the middle. We
used a commercially available PdCu probe designed for hydrogen separation; its

diagram and photos are shown in Fig. 4. It was easy to prepare the
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measurements with the ready probes, and they used only
8 two small vacuum feed throughs, which is important in a
small and crowded experimental tokamak. Unfortunately,
the ease of use is only initial. The probes get
contaminated by exposure to plasma without any means
of direct calibration. Moreover, to remove a probe from a

. tokamak, one must go inside the vacuum vessel, which is

rarely possible and takes quite a bit of effort. In Fig. 5 1 am

Fig. 5. During Permeation

Probe installation, inside  jngtalling one of the probes, fully suited to be inside the
QUEST tokamak.

vacuum vessel.

4. Moving forward.

In the end of 2018, | joined Kyoto University. It was the first time | had complete
freedom over the goals of my own research. While it sounds very amazing, finding
a good direction of research which can produce good results, and better yet fast
results, is a big challenge.

However, whit any challenge comes an opportunity. Now, with the help of the
students from our optical engineering laboratory | extended my work with
developing a new experimental setup which would facilitate investigation of
hydrogen isotope transport through metals. Our device is constantly evolving, and
for our seemingly simple goals we already incorporated several features in our
device. The “main piece” being a metal membrane, “sandwiched” between two
vacuum chambers. On the upstream side plasma is ignited and serves as a
source of ions, atoms, and molecules. The other side, or downstream, is kept in
good vacuum conditions to make the small partial pressures of hydrogen well
detectable with a quadrupole mass spectrometer (QMS). The upstream side
chamber has several view ports for spectroscopic measurements of plasma
parameters, and for laser investigation of the membrane surface. To investigate
chemical composition of the surface of the membrane we use a laser induced
breakdown spectroscopy (LIBS), which allows us to investigate the membrane

in-situ without exposing it to atmospheric air. The overall diagram of our setup is
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shown in Fig. 6.
To maintain irradiation parameters constant, we developed a control system
based on Raspberry Pi and open-source

Permeation chamber

mindset. This gives a good opportunity for

temperature
controller

students to learn first-hand software

heater
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development and interaction between

software, hardware, and interfaces.

= Several students have already contributed
ghamber ‘ " to the project, which is reflected in the
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Fig. 6. Diagram of the experimental set-up. QMS —  US into a somewhat difficult journey, and
quadruple mass spectrometer, TMP — turbo
molecular pump. LIBS — laser induced breakdown We must combine plasma irradiation,
spectroscopy. ) ) )
optical and laser technics, and automation
into a single device. Such a challenge gives my students a unique opportunity to
learn how to do a mechanical design, manufacture and assemble vacuum,
plasma, and optical parts and spectrometers, develop interfaces and software to
combine it all into a single piece of equipment. Which brings me to a more

interesting part, the results of our recent investigations.

5. Results.

To start something new, | had to look back and start almost from where | left. |
am still interested in the effect of oxygen on hydrogen transport. My familiarity with
hydrogen permeation through both graphites and metals led me to use a PdCu
alloy, the same alloy | worked with in QUEST, and use it to explore oxygen effect
on hydrogen transport. We measured steady-state hydrogen permeation through
a PdCu membrane from our hydrogen plasma, but with different oxygen
concentrations in the working gas. The results show similar behavior to that of
hydrogen retention in graphites in presence of oxygen in Fig. 2, but with an

important difference: even with increasing oxygen concentration permeation flux J
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through PdCu doesn’t go back to the initial level (without oxygen). Even at high
oxygen concentrations permeation flux remains several times higher compared to
the initial level.

Next, we investigated a Ni membrane. Can we find anything new about Ni,
which is a cheap metal and hydrogen transport through Ni was intensively
investigated since maybe 1980s or even earlier? It turns out yes, we can still find
something new. The oxygen concentration scan revealed maximum hydrogen
permeation in Ni, like the results for PdCu.

This was already a new and interesting result. However, the increase of
permeation flux due to presence of contaminants on the surface is already known
and well summarized in [7], which is a review of “superpermeability”, or a
significant increase in permeation flux through various metals when atomic
hydrogen is present in the irradiation flux. Our results confirm explanations from
[7] for PdCu, and both results demonstrate a new behavior, the presence of a
maximum in J.

To investigate this matter further, we had to know the oxygen surface
concentration no. In the experiments with a constant amount of oxygen in the
working gas, we stopped our permeation at different times to measure it with the
help of LIBS. We found out that prolonged exposure to H+O plasma led to
monotonical increase of surface oxygen concentration. In the meantime,
hydrogen permeation J through Ni membrane goes through a maximum in the
beginning of the irradiation, which on itself was reported previously [8], but there
were two conflicting explanations of such a maximum in [7] and [8]. In [7]
increased initial permeation is attributed to the presence of contaminants, such as
oxygen, on the surface, which is steadily removed by continuous plasma
irradiation. In [8] a change of diffusivity in the ion stopping range is proposed.
However, our result suggests a different explanation. The initial increase of
permeation seems to be, indeed, due to the presence of oxygen on the surface.
The surface oxygen concentration monotonically increases with irradiation time,
meaning that the oxide layer grows. Thus, the decrease is attributed to a slower

hydrogen diffusion in the growing oxide layer.
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6. Teaching: lectures and research supervision.

Since the beginning of my term in Kyoto University, I'm responsible for four
classes for undergraduates in Institute for Liberal Arts and Sciences (ILAS): Quest
for Mathematics I-E2, Elementary Course of Physics B-E2, Introduction to Plasma
Science-E2, Introduction to Quantum Physics-E2. I've also participated in
overview lectures: Introduction to Advanced Material Science and Technology,
and Advanced Mechanical Engineering.

All my classes are in English, and | usually prepare them as a “fusion” of two
different scientific schools: American and Russian. Both schools have a reach
history and a wealth of information. | try to pick up the best two worlds and adapt
the material for the present day and for mostly Japanese audience.

Teaching, of course, doesn’t stop when the lecture ends. In our optical

engineering laboratory, | work closely with our students, as mentioned above.
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