TN T 3R AR
¥F55%5 SM24

55

Observation of Mechanical Oscillation induced by Pulsed Plasma-Momentum

Injection to Tungsten Foil in AIT-PID for Fusion Studies
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Abstract
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Mechanical oscillation of tungsten (W) foil induced by pulsed plasma-momentum

injection was observed in addition to its deflection in linear plasma generation device

AIT-PID for fusion studies. It is motivated by a worry about an enormous heat flow

into divertors: Edge Localized Mode (ELM) in magnetically confined fusion devices.
The importance of plasma-momentum must be noted here in addition to a large

amount of heat flux, especially on liquid metal divertor and melted layer of W wall
surface. Visualization of momentum injection was obtained by the observation of

mechanical oscillation of W foil which was modeled numerically as a cantilever

configuration. The comparison of oscillation frequencies between the observation and

cantilever model was made in addition to the oscillation amplitude.

1. Introduction

Plasma-momentum input to plasma-facing material
surfaces has not been recognized well as one of
important plasma-surface interaction (PSI) in fusion
devices™ 2. However, its role associated by ELM-
induced pulsed plasma heat flow onto divertor target
surface in magnetically confined fusion devices has
been recently noted because the melting of target
surface®™, mainly made of W, made a fluid-mechanical
motion such as Kelvin-Helmholtz instability at melted
W surface layer®. A liquid metal divertor has been also
discussed for a mitigation of the above-mentioned
extremely high heat flux”. In this configuration,
plasma-momentum injection onto the liquid surface

may also induce a variety of fluid-mechanical
instability.
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On the other hand, plasma-momentum related to
propulsion of thrusters has been investigated® ®. And,
the reactive plasma - liquid metal interaction has been
studied for its industrial applications'® .

Here, pulsed plasma-momentum flux to W material
surface is discussed in terms of mechanical oscillation
of W foil observed in a linear plasma device for
fundamental studies™ ? on fusion plasmas.

2. Plasma Momentum Input to Material Surface

Plasma momentum input to facing-material surface is
composed of several origins. First of all, plasma ions
accelerated through a plasma sheath just in front of the
surface including a pre-sheath give impact on the target
surface in addition to thermal ion momentum. Some
part of ions incident to the target surface are reflected
on the surface so that the momentum reflection
coefficient should be defined” to estimate particle
reflection caused reaction. Similarly, the physical

sputtering on the surface also contributes to the
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Pulse Plasma Operation in AIT-PID
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Fig.1 Linear plasma generator AIT-PID for pulsed operation. Current limiting resistor R is connected in series to
negative pulse power supply with respect to the grounded Cu anode. R = 2.2 Q. The wall of vacuum chamber is
also grounded electrically. The working gas D, is supplied laterally via a gas flow controller. The tungsten target
foil is put at the mid position through the vacuum port. The foil surface is perpendicular to the chamber axis.

momentum input”. When the surface temperature of

target material increases substantially, arriving at
melting of solid materials or in the case of intrinsically
liquid surface, evaporated atoms, molecules and
clusters may produce another momentum input due to
reaction of rocket effect”.

Electron inertia is so small that the plasma electron
contribution to plasma momentum input to the material
surface could be neglected usually since the electron
particle flux to the target surface is equal to that of ions
under the electrically floating condition of the cold
surfaces. However, it could not be the case if the
thermo-electron emission becomes exponentially large
for an enormous increase in surface temperature,
associated by an almost equivalent increase in thermal
electrons influx because the floating potential of the
surface approaches the plasma potential.

In the melted surface due to, for example, a large
ELM heat flow, a plasma fluctuation or turbulence with
spatial variation just in front of the surface would give
some inhomogeneities of momentum influx to the

liguid metal surface which could be coupled with

fluid-mechanical motion such as Kelvin-Helmholtz

instability® of melted tungsten layer?.
3. Experimental Observation and Analyses

3.1 Plasma Irradiation Device

Figure 1 shows a linear plasma generation device,
AIT-PID (Aichi Institute of Technology - Plasma
Irradiation Device)™ *¥ for a pulsed plasma beam
injection. Plasma beam comes from the left-hand
(plasma source) side. W target was inserted at the Mid
position. A steady state discharge current is 10 A with
the deuterium gas feed of 50 sccm and axial magnetic
field intensity of 8 mT. The plasma is confined radially
with a multi-cusp magnetic field generated with six
permanent magnet bars. A pulse negative voltage with
the pulse length of 33.3 ms was applied to the cathode
with respect to the grounded copper anode through a
current-limiting resistor R of 2.2 Q. The plasma
electron temperature was about 5 eV which does not
change even within the pulse period. The plasma
density increases by a factor of five, reaching



57

Observation of Mechanical Oscillation induced by Pulsed Plasma-Momentum injection to Tungsten Foil
in AIT-PID for Fusion Studies

| W Foil |

 §
Y

Fig.2 Employed tungsten target foil. (a) the photo after several pulsed plasma heat irradiation.

(b) The corresponding cantilever configuration.
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Fig.3 Time history of pulse current and voltage at the
discharge cathode. Target floating potential Vywas measured
with respect to the grounded vacuum chamber, Small
oscillation in V; trace comes from AC 60 Hz current through
the LaBg cathode coil.

approximately 1x10* m™,

Figure 2 shows a W target, where (a) is the photo of
the target with dimension of 25 mmx25 mm, and
thickness of 15 um. The target was supported with a
pair of thick W wire which were put through ceramic
tube. Fig.2(b) shows a model configuration of the target
as a cantilever for a simplification of numerical model.

Figure 3 shows the time evolutions of pulsed
discharge parameters: pulse voltage and current, and

the floating potential V¢ of the W target foil. The plasma
potential is about positively 5 V, and does not change
largely during the pulsed discharge. During the pulse,
V; approaches the plasma potential due to a strong
electron emission from the target because the target
temperature becomes around the melting point over
3500 K due to the pulsed plasma heat flux so that the W
has a strong thermo-electron emission capability. At the
same time, the W evaporation becomes substantial.
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Fig.4 Time history of the lowest edge of target tungsten foil.
Pulse length of plasma heat flux is 33.3 ms. The vertical axis,
here, has an arbitrary scale. Roughly speaking, the value of
deflection is close to that in mm.
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Fig.5 Parameters in cantilever oscillation model.

3.2 Experimental Observation of W Foil Oscillation
and Comparison with Cantilever Model

The temporal change in the horizontal displacement
of lowest side of the target is plotted as a function of
time in Fig.4 where the inset is the photo of the target
just before the pulsed plasma heat flow, which was
taken through a vacuum viewing port with the
interference optical filter of WI (498.26 nm). The
vertical axis is arbitrary, but roughly in mm.

The quasi-stationary displacement during the heat
pulse is about 10 ~ 20 mm, depending on pulse voltage
and current, so that the cantilever model shown in Fig.5
gives the pressure force of 30 ~ 70 Pa, which was
discussed in detail by us®. This deflection corresponds
to the initial amplitude of mechanical oscillation.

The cantilever model gives us the frequency of
fundamental mode as follows:

12 |EI "
j-_z_n_Lz pACJ ( )

where the meanings of variables are shown in Fig.5,
and A = 1.875 is the eigen value for the fundamental
oscillation mode. Equation (1) gives f = 21 Hz in the
present case. It means that the period would be 48 ms,
while the experimental observation gives 40~45 ms.
Therefore, we can say a fairly good agreement between
experimental observation and the simple modelling.
Numerical values for this modelling are summarized in
Table 1. We should note that Young’s modulus E of W
history because a

target depends on its thermal

recrystallization makes W harder than its pristine one.

We note that the theoretical value of oscillation

frequency is proportional to square-root of E. There
must be a difference in frequency between pristine W
and recrystallized one.

Table I Numerics for cantilever with uniform load. Dimension
of target foil (L, h, b, A = Lb) are given by experimentally
employed values. Material properties are employed for pristine
tungsten. Deflection (1~2x10"2 mm) is the typical value in the
experiment.

Cantilever with uniform load
Length of cantilever L [m] 234107
Thickness It [m] 1.5%107
Width b [m] | 2.5+107
Area 4 [m’] | 5.75x10
Cross section A, [1112] 3.75:107
Young's modulus E [Pa] |4.11~10"
Mass density p [ke/m’]| 1.93<10*
Moment of mertia of area | 7 []_114] 7.0<107
Detlection 8 [m] 1x107
Load F/4 [Pa] 33
Total force F [N] 0.019
Fundamental frequency / [Hz} 21.1
Period T [ms] 47 4

4. Summary

Pulsed plasma momentum input to W foil is realized
by a pulsed plasma heat flux generation, which was
originally considered to simulate ELM-like heat pulse
to W surface for the purpose of study on effects of
emitted W vapor, cluster and atoms on its surrounding
divertor plasma properties, e.g. cooling®.

Here, deformation or bending of W foil followed by
a mechanical oscillation was analyzed in terms of
deflection and oscillation frequency, using a cantilever
model. Although the setting and support of the
experimental W foil target are not modeled precisely by
a cantilever, the obtained numerical values are fairly
reasonable, as summarized in Table I. The observed
attenuation of foil oscillation is also interesting. It
would be affected by not only material properties but
also surrounding plasmas.

Some discussions on the effect of plasma momentum
input to liquid metal surfaces are given in relation to
melted metal layer in magnetically confined fusion
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plasma, ion thrusters, and reactive plasma synthesis.
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