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Influence of atomic hydrogen, physical properties, and surface
impurity film on droplet ejection from liquid metals interacting with
inductively coupled hydrogen plasma

Yuki Hamana and Koichi Sasaki*

Division of Applied Quantum Science and Engineering, Hokkaido University, Kita 13, Nishi 8, Kita-ku,
Sapporo 060-8628, Japan

This paper reports characteristics of droplet ejection from liquid metals interacting with inductively cou-
pled hydrogen plasma. It was observed that the ejection frequency was independent of the flux of atomic
hydrogen, whereas it increased with the ion flux. The ejection frequency was dependent on the physical
properties of liquid metals, and the transport height of droplets was shortened by the impurity film formation
on the liquid metal surface. These results gave us an insight into a method to avoid the transport of droplets
to the core plasma, when we apply liquid metals to divertor materials in nuclear fusion reactors.

The design of divertor devices is the most challenging task in the development of nuclear
fusion reactors. The energy flux irradiating the divertor material (> 10 MW/m?) is so great
that even tungsten is subjected to severe erosion.!) The need to replace divertor materials
and perform other maintenance in an environment where radioactivation has occurred is also
a major burden. An unconventional idea to address the issue is the concept of liquid metal
divertors.>”” The use of liquid metals as the divertor materials can improve in the tolerance
to high thermal and neutron loads. In addition, if the divertor material is a liquid, it can be
introduced into the fusion reactor as a fluid from the outside with keeping the operation.
A serious problem that must be considered in the concept of the liquid metal divertor is
the production of metal droplets via the interaction with plasma.®~!¥ The transport of metal
droplets to the high-temperature core plasma must be avoided strictly since it results in
significant power loss. Therefore, the development of a method to avoid the transport of metal
droplets to the core plasma is vital for realizing a nuclear fusion reactor with a liquid divertor
system.

In a previous work,!> we reported the following mechanism for the ejection of droplets

from liquid gallium interacting with hydrogen plasma. The droplets are produced by the burst
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of a bubble formed in liquid gallium. The bubble formation is owing to the supersaturated
density of dissolved hydrogen. The irradiation of positive ions plays an important role for
the supersaturation of the dissolved hydrogen density. This mechanism is supported by the
experiment reported by Tamura ef al.'® In the present work, we compared the droplet ejections
from liquid gallium and liquid tin, which told us the importance of the physical properties
on the frequency of the droplet ejection. Another important result was the decrease in the
kinetic energy of droplets when the liquid metal surface was covered with an impurity film. In
addition, we examined the influence of atomic hydrogen, which had a much higher flux than
ion, on the frequency of the droplet ejection.

The experimental apparatus has been described in the previous paper.!> Briefly, liquid
gallium was stored in a quartz container which was installed in a stainless-steel vacuum
chamber. We also used liquid tin and a brass container for comparison in the present work.
The use of liquid lithium, which would be better as the diverter material because of the small
atomic number, was abandoned due to its high chemical reactivity. The temperature of liquid
metal was controlled using a heater. The gas in air (nitrogen and oxygen) was dissolved in
gallium if it was melted before the installation in the vacuum chamber. Nitrogen and oxygen
dissolved in liquid gallium were removed by evacuating the chamber for 10 h at a liquid gallium
temperature of 580 K. After the evacuation, we produced inductively coupled hydrogen plasma
by applying rf power to a two-turn antenna placed on a quartz plate at the top of the chamber.
The positive ion flux toward the liquid metal surface was controlled by the rf power, while the
ion energy was controlled by connecting liquid metal to a negatively biased dc power supply.
The space above the sample was illuminated by a continuous-wave laser beam at a wavelength
of 457 nm. The shape of the laser beam was arranged to be planar using two cylindrical lenses.
We observed Mie scattering of the laser light when a droplet passed through the planar laser
beam. The scattered laser light was captured using a video camera with an image intensifier.
We counted the number of frames with the scattered laser light in the movie and obtained the
frequency of the droplet ejection.

In the previous work,!> we examined the ejection frequency of droplets as a function of
the ion flux, and pointed out the importance of the ion irradiation to the droplet ejection.
However, the flux of atomic hydrogen was much higher than the ion flux in the experimental
condition. In the present work, we examined the influence of the atomic hydrogen flux on the
ejection frequency to investigate the influence of the penetration of atomic hydrogen as well
as the effect of the simultaneous irradiation of ions and atoms. The atomic hydrogen density

was estimated from the difference between the molecular hydrogen densities before and
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after the plasma production. The density of molecular hydrogen after the plasma production
was estimated based on the absolute optical emission intensity at the Fulcher-a band (the
d°T1,—a’%, transition).'”) The densities of the rovibrational states of d°I1,, were obtained from
the optical emission intensities, and they were connected to the rovibrational state densities
of the electronic ground state using a collisional-radiative model developed by Sawada and
Goto.!'® We substituted the electron density and the electron temperature which were measured
using a Lagmuir probe into the model. The rovibrational state densities of the electronic
ground state were estimated by the fitting between the experimental and simulation spectra.
The optimal fitting was searched by scanning the vibrational and rotational temperatures of
the electronic ground state in the model. The atomic hydrogen flux was estimated from the
rotational temperature and the decrease in the molecular hydrogen density after the plasma
production.

An experimental result is shown in Table I, which compares the ejection frequencies of
droplets from liquid gallium at atomic hydrogen fluxes of 1.7 x 10'7 and 2.4 x 10'® cm=2s7!.
These atomic hydrogen fluxes were obtained at pressures of 30 and 50 mTorr, respectively,
whereas the ion flux, which was measured as the current passing through liquid gallium,
was adjusted at the same value of (6 — 7)x10'* cm™2s~! by controlling the rf power. The
liquid gallium temperature of 500 K and the ion energy of 13-15 eV were the same at the
two irradiation conditions. As shown in Table I, the ejection frequency of droplets was not
affected by the atomic hydrogen flux even though it was three orders of magnitude higher than
the ion flux. It has been confirmed that the process that results in the supersaturated density
of dissolved hydrogen is the forced transport of positive ions accelerated in the sheath electric
field, and atomic hydrogen cannot break the equilibrium determined by the Henrry’s law even
if hydrogen atoms with a much higher flux are irradiated simultaneously with ions.

Figure 1(a) shows the frequency of the droplet ejection from liquid tin at a temperature of
530 K as a function of the ion flux. We gave up experiments at higher temperatures because of
the limitation in the heating system. As shown in the figure, the ejection frequency increased
with the ion flux. Figure 1(b) shows the incubation period. The definition of the incubation
period is the delay time between the initiation of plasma irradiation and the first ejection of a
droplet. The incubation period decreased with the ion flux, as shown in Fig. 1(b). These trends
were the same as those observed in the previous experiment using liquid gallium,'> and they
support the scenario that the dissolution of hydrogen beyond the saturation density, which
is caused by the forced transport of ions, results in the formation and the burst of a bubble.

However, the absolute values of the ejection frequency and the incubation period observed
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using liquid tin were different from those observed using liquid gallium. As reported in the
previous paper,'> the ejection frequency from liquid gallium at a temperature of 490 K was
0.05 s~! at an ion flux of 2 x 104 cm™2s~!, which was much lower than that shown in Fig. 1.

2571 was 35 s in the case of liquid gallium,

The incubation period at an ion flux of 2x 104 cm~
which was much longer than that shown in Fig. 1.
The differences in the ejection frequencies and the incubation periods are understood
qualitatively by considering the physical properties of liquid gallium and liquid tin summarized
in Table II. According to Mazayev et al.'®) and Ou et al.,?” the dissolution limits of hydrogen

in liquid gallium and liquid tin are 2 x 10'® and 5 x 10! cm ™3

, respectively. These dissolution
limits have been examined when the samples are irradiated with hydrogen plasmas. Bubbles
are formed more quickly in liquid tin with a lower dissolution limit, resulting in the higher
ejection frequency of droplets. The surface tension and the viscosity listed in Table II are
estimated based on a paper by Gancarz.?! The lower surface tension of liquid tin than liquid
gallium means that the burst of a bubble occurs at a lower pressure inside the bubble, which
also results in the higher ejection frequency. The higher viscosity of liquid tin may be the most
important difference from liquid gallium. As reported in the previous paper,' the incubation
period observed in liquid gallium was explained by assuming the uniform distribution of
dissolved hydrogen. The uniform distribution may be owing to the stir of liquid gallium due
to the convection. The convection is less efficient in liquid tin with a higher viscosity. Hence,
the density of dissolved hydrogen is expected to be higher in the region near the liquid tin
surface, resulting in the more frequent formation and the burst of bubbles. Based on the
differences in the dissolution limits and the incubation periods, it is estimated roughly that the
hydrogen-dissolved layer in liquid tin is 2-3 times thinner than that in liquid gallium.

Figure 2 is a picture which shows the trajectories of droplets ejected from liquid gallium.
This picture was captured by arranging the planar laser beam to be perpendicular to the liquid
gallium surface. The ejections of droplets occurred at random positions on the liquid gallium
surface, and a long time was necessary to capture droplets with trajectories along the planar
laser beam. Considering the fact that the trajectory of a single droplet was captured clearly by
laser Mie scattering, we estimate that the size of the droplet is greater than 0.1 mm. As shown
in Fig. 2, droplets were ejected in directions nearly perpendicular to the liquid surface. Note
that the direction of the ejection is nearly parallel to the liquid surface if the Kelvin-Helmholtz
instability is the mechanism of the droplet ejection.”? The nearly perpendicular ejection of
droplets suggests that it is a phenomenon known as “jet drops” at the burst of a bubble.>® The

driving force that throws the droplet in the *“jet drops” model is the fluid dynamic motion of
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liquid gallium at the surface. Droplets reached a height of over 5 cm above the liquid surface,
as shown in Fig. 2. In the previous experiment, we placed the planar laser beam, which was
parallel to the liquid gallium surface, at a distance of 3cm from the liquid gallium surface
to detect all droplets and to examine the ejection frequency. If we assume 0.1 mm for the
diameter of a droplet, its kinetic energy at the ejection is estimated to be on the order of 107° J
if it reaches at a height of over 5 cm above the liquid surface. Since this energy is much higher
than the electrical energy acquired by the droplet in the sheath, the trajectory of the droplet is
not affected by the sheath electric field.

When we stored liquid gallium in a brass container, it was observed that the surface of
liquid gallium was covered with a thin film. The thickness of the film was unknown, but
it was thin enough to keep the fluidity of liquid gallium. An analysis by x-ray fluorescence
spectroscopy told us that the film was a compound or an alloy of Ga, Zn, and Cu. We observed
the erosion of the brass container after a long experiment, indicating that liquid gallium reacted
with brass to form the thin film. When the liquid gallium surface was covered with the thin
film, we detected no droplets if the planar laser beam, which was parallel to the liquid surface,
was placed at a distance of 3 cm from the surface. However, we detected droplets when the
distance between the planar laser beam and the surface was shortened to 1 cm. This indicates
that a thin film which covers the liquid gallium surface reduces the kinetic energy of droplets
by approximately one-third, resulting in the shortened transport height.

We compared the ejection frequencies of droplets from liquid gallium surfaces with and
without the thin film. The experiment was carried out by utilizing an accidental situation where
a part of liquid gallium surface was covered with the thin film. The ion flux was 7.1 x 10!
cm~2s~! and the ion energy was 15 eV. As shown in Table III, the ejection frequency from the
area with the film was higher than that from the area without the film. Note that the dissolved
hydrogen density is determined by the balance between the incoming ion flux and the release
of hydrogen gas from liquid gallium. The experimental result shown in Table III suggests that
ions with kinetic energies can pass through the film but the film may interrupt the release of
hydrogen, resulting in a higher dissolved hydrogen density in the region below the film.

The experimental result with a film on the liquid gallium surface gives us an important
insight into the development of a method to avoid the transport of metal droplets to the
high-temperature core plasma. Even a thin film that does not prevent the fluidity of liquid
metal can reduce the kinetic energy of droplets. The thin films did not block the dissolution of
hydrogen due to the ion irradiation, and the ejection frequency of droplets became higher if the

surface of liquid gallium was covered with the Ga-Zn-Cu film. However, the transport height
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was shortened by the film on the liquid gallium surface. It is considered that the shortened
transport height is obtained by the effective increase in the viscosity according to the “jet
drops” model.?? If the transport length of droplets is shorter than the distance between the
divertor material and the outermost magnetic surface, the ejection of droplets is not a serious
problem when applying liquid metals to divertor materials. The development of a method to
cover the liquid metal surface with a thin film may be a key for the implementation of the
liquid metal divertor.

In summary, we have reported the influence of atomic hydrogen, the physical properties,
and the surface impurity film on the droplet ejection from liquid metals interacting with
hydrogen plasma. The ejection frequency of droplets was not affected by the atomic hydrogen
flux, indicating that the ion irradiation is only the process that can induce the supersaturated
density of dissolved hydrogen in liquid metals. The present experimental results give us two
insights into the development of a method to avoid the transport of metal droplets to high-
temperature core plasma. One is the importance of the physical properties of the liquid metal.
The ejection frequency of droplets is reduced by employing a liquid metal with a high surface
tension, a low viscosity, and a high dissolution limit. The other is the usefulness of impurity
films on the liquid metal surface. It is not effective for reducing the droplet ejection frequency,
but it can shorten the transport length of droplets. The development of a method to cover the
liquid metal surface with a thin film is important to realize liquid metal divertor systems for

nuclear fusion reactors.

Acknowledgments The authors would like to thank Keiji Sawada for providing them the computer code of
collisional-radiative model for molecular hydrogen. They are also grateful to Kazumichi Kobayashi for telling
them the physics of the bubble burst. This work was supported by JST SPRING (JPMJSP2119) and NIFS
collaboration research programs (NIFS22KIIF006 and NIFS23KIPF010).

6/13



Jpn. J. Appl. Phys. BRIEF NOTE

References

1) G. Janeschitz, K. Borrass, G. Federic, Y. Igitkhanov, A. Kukushkin, H. D. Pacher, G. W.
Pacher, and M. Sugihara, J. Nucl. Mater. 220, 73 (1995).

2) S. V. Mirnov, V. N. Dem’yanenko, and E. V. Murav’ev, J. Nucl. Mater. 196, 45 (1992).

3) R. W. Conn, J. Nucl. Mater. 76, 103 (1978).

4) T. Ohgo, T. Goto, T. Takimoto, A. Tonegawa, and J. Miyazawa, Fusion Eng. Des. 165,
112236 (2021).

5) H. W. Kugel, J. P. Allain, M. G. Bell, R. E. Bell, A. Diallo, R. Ellis, S. P. Gerhardt, B.
Heim, M. A. Jaworski, R. Kaita, J. Kallman, S. Kaye, B. P. LeBlanc, R. Maingi, A.
McLean, J. Menard, D. Mueller, R. Nygren, M. Ono, S. F. Paul, R. Raman, A. L.
Roquemore, S. A. Sabbagh, H. Schneider, C. H. Skinner, V. A. Soukhanovskii, C. N.
Taylor, J. R. Timberlake, M. Viola, L. Zakharov, and NSTX Research Team, Fusion
Eng. Des. 87, 1724 (2012).

6) R. E. Nygren, T. D. Rognlien, M. E. Rensink, S. S. Smolentsev, M. Z. Youssef, M. E.
Sawan, B. J. Merrill, C. Eberle, P. J. Fogarty, B. E. Nelson, D. K. Sze, and R. Majeski,
Fusion Eng. Des. 72, 181 (2004).

7) J. Miyazawa, T. Goto, H. Tamura, T. Tanaka, N. Yanagi, T. Murase, R. Sakamoto, S.
Masuzaki, T. Ohgo, A. Sagara, and FFHR Design Group, Fusion Eng. Des. 136, 1278
(2018).

8) K. Sasaki and H. Koyama, Appl. Phys. Express 11, 036201 (2018).

9) J. W. Coenen, V. Philipps, S. Brezinsek, B. Bazylev, A. Kreter, T. Hirai, M. Laengner, T.
Tanabe, Y. Ueda, U. Samm U, and TEXTOR-Team, Nucl. Fusion 51, 083008 (2011).

10) K. Krieger, T. Lunt, R. Dux, A. Janzer, H. W. Miiller, S. Potzel, T. Piitterich, Z. Yang,
and ASDEX Upgrade Team, Phys. Scr. 2011, 014067 (2011).

11) I. E. Garkusha, V. A. Makhlaj, V. V. Chebotarev, I. Landman, V. I. Tereshin, N. N.
Aksenov, and A. N. Bandura, J. Nucl. Mater. 390, 814 (2009).

12) V. N. Litunovsky, V. E. Kuznetsov, B. V. Lyublin, I. B. Ovchinnikov, V. A. Titov, and A.
Hassanein, Fusion Eng. Des. 49, 249 (2000).

13) B. Lipschultz, J. W. Coenen, H. S. Barnard, N. T. Howard, M. L. Reinke, D. G. Whyte,
and G. M. Wright, Nucl. Fusion 52, 123002 (2012).

14) G. De Temmerman, J. Daniels, K. Bystrov, M. A. van den Berg, and J. J. Zielinski,
Nucl. Fusion 53, 023008 (2013).

15) Y. Hamana, N. Shirai, and K. Sasaki, J. Phys. D: Appl. Phys. 56, 475204 (2023).

7/13



Jpn. J. Appl. Phys. BRIEF NOTE

16) K. Tamura, J. Miyazawa, S. Masuzaki, M. Tokitani, Y. Hamaji, and H. Toyoda, Jpn. J.
Appl. Phys. 61, 106005 (2022).

17) S. Briefi and U. Fantz, Plasma Sources Sci. Technol. 29, 125019 (2020).

18) K. Sawada and M. Goto, Atoms 4, 29 (2016).

19) S. N. Mazayev and Yu. G. Prokofiev, J. Nucl. Mater. 212-215, 1497 (1994).

20) W. Ou, R. S. Al, J. W. M. Vernimmen, S. Brons, P. Rindt, and T. W. Morgan, Nucl.
Fusion 60, 026008 (2020).

21) T. Gancarz, J. Mol. Liq. 241, 231 (2017).

22) G. Miloshevsky and A. Hassanein, J. Nucl. Mater. 415, S74 (2011).

23) S.-C. Georgescu, J.-L. Achard, and E. Canot, Eur. J. Mech. B-Fluid 21, 265 (2002).

8/13



Jpn. J. Appl. Phys. BRIEF NOTE

Table I. Ejection frequencies of droplets from liquid gallium at different fluxes of atomic hydrogen.
Pressure (mTorr) 30 50
Atomic hydrogen flux (cm™2s7!) 1.7x 107 2.4 x10'®
Ton flux (cm™2s71) 7.1x 10" 6.0x 10
Ejection frequency (s™!) 0.026 0.025
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Table Il. Physical properties of liquid gallium and liquid tin at 520 K. The dissolution limits of hydrogen are

the values examined at plasma irradiation conditions.

Liquid gallium Liquid tin

Surface tension (mN/m)2) 709 561
Viscosity (mPa-s)?! 0.88 2.24
Dissolution limit (cm™3)!%-20 2% 106 5% 101
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Table Ill. Ejection frequencies of droplets from liquid gallium surface covered with and without a thin film

consisting of Ga, Zn, and Cu.

Area Ejection frequency (s™!)
Without film 0.087
With film 0.30
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Fig. 1. Frequency of droplet ejection (a) and incubation period (b) as a function of the ion flux. The liquid

metal was tin at a temperature of 530 K.
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Fig. 2. Trajectories of droplets ejected from liquid gallium without surface impurity film.
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