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Abstract

The use of moving-surface plasma-facing components (MS-PFCs) is proposed for the removal of helium ash as well as
unburned hydrogenic fuel particles from steady state DT-fusion reactors. A series of proof-of-principle experiments have
been conducted, using the VEHICLE-1 facility in which a rotating drum, the simplest form of MS-PFC, can be bombarded
with steady state hydrogen, helium and their mixture plasmas with the densities of the order of 1010 cm�3 and the electron
temperatures of 4–5 eV. It has been found from Ha and He–I spectroscopic measurements that the steady state particle
removal rates are �2.5 · 1016 H-atoms s�1 cm�2 and �1.6 · 1014 He-atoms s�1 cm�2 when the rotating drum is gettered
with lithium at the deposition rates of �2 · 1016 Li-atoms s�1 cm�2 and negative bias voltages of �30 V and �100 V. These
data correspond to the average atomic ratios of H/Li � 1.25 and He/Li � 0.008 in the resultant codeposits. It follows from
these findings that hydrogen and helium are not mutually exclusive in the simultaneous codeposition processes, presum-
ably because of their respective preferred trapping sites in lithium deposits.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ever since the discovery of the ‘Supershot’ con-
finement regime in TFTR in late 1980s [1], it has
widely been recognized in the magnetic fusion
energy research community that high-performance
core plasmas often favor reduced wall recycling.
To reduce particle recycling, wall conditioning tech-
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niques such as boronization have been applied to
many plasma confinement experiments. Unfortu-
nately, due to the surface saturation with trapped
particles, the efficacy of wall conditioning has a
finite lifetime, which necessitates the shutdown of
plasma operation for re-conditioning. Clearly, this
is not acceptable from the point of view of operating
steady state fusion power reactors. It follows from
these arguments that enabling wall concepts R&D
is necessary for the successful operation of steady
state fusion devices beyond ITER (for the Interna-
tional Thermonuclear Experimental Reactor).
.
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Over the past decade, therefore, a variety of inno-
vative plasma-facing component concepts have been
proposed to provide a possible resolution for this
steady state particle control issue. Essentially all of
these concepts employ moving-surface components,
either made of a solid or liquid material, for in-line
regeneration of particle trapping capabilities. One
such concept proposed by Hirooka et al. [2] features
a moving-belt made of SiC–SiC fiber fabrics with an
in-line getter film deposition system. In our previous
work [3–5], proof-of-principle experiments were
conducted on this concept with the moving-belt
simplified by a titanium- or lithium-gettered rotat-
ing drum built in a laboratory-scale linear plasma
facility. Results indicate that hydrogen recycling
can be reduced to levels significantly lower than
100%, even at steady state, so long as gettering
continues.

For the steady state operation of DT-fusion
power reactors, not only unburned fuel but helium
ash must be removed continuously so as to sustain
the nuclear reaction. This means that a substantial
pumping speed is necessary for helium ash removal.
Given the edge helium partial pressure of the order
of 10�3 Pa, for example, the power output of 1 GW
would require a pumping speed as large as 103 m3/s.
Although usually cryogenic pumps are employed
for hydrogenic fuel particle control in existing large
fusion devices, helium cannot be pumped at the
same efficiency due to its extremely low boiling
point of 4.2 K. Unfortunately, the use of turbo-
molecular pumps for helium ash removal is not
quite realistic because of the conductance loss along
the pumping ducts penetrating thick cryostat walls
for superconducting magnets, essential for steady
state fusion reactors. Nonetheless, helium ash
removal has yet to be addressed as a critical issue
in the magnetic fusion community.

In the present work, the use of moving-surface
plasma-facing components (to be referred to as
MS-PFC in the remainder of this paper) is proposed
for the continuous removal of helium ash as well as
hydrogenic particles to maintain reduced recycling.
It is of particular importance to investigate whether
or not helium and hydrogen can simultaneously be
incorporated in lithium deposits. Therefore, under
hydrogen and helium mixture plasma bombard-
ment, particle recycling from lithium-gettered sur-
faces has been observed with Ha and He–I
spectroscopy, using the same rotating drum setup
as described above.
2. Experimental

A linearly magnetized steady state plasma facil-
ity: VEHICLE-1 has been used in the present work
and the details of this facility have already been pre-
sented in our previous paper [6]. In the present
work, the ECR power for plasma generation is typ-
ically 300 W at which the plasma density is of the
order of 1010 cm�3 and the electron temperature is
4–5 eV. Under these conditions, the total bombard-
ing flux of hydrogenic species is of the orders of 1016

H-atoms s�1 cm�2, taking into account the contri-
butions from H0, H+, Hþ2 and Hþ3 .

The main vacuum chamber of VEHICLE-1 is
installed with a water-cooled and copper-made
rotating drum, the simplest form of MS-PFC,
shown in Fig. 1(a). The rotational speed is set at
approximately 10 cm/s at the periphery. Evaporated
lithium is guided to the drum surface for deposition
through a water-cooled stainless steel tunnel, the
opening diameter of which is 3.5 cm. The gap
between the drum periphery and open end of the
vapor-guiding tunnel is only a few mm, so that very
little lithium can directly be deposited on the
vacuum chamber wall. Note that the rotating drum
is maintained at room temperature even under
plasma bombardment and lithium gettering.

Shown in Fig. 1(b) is a standing sample tray made
of molybdenum on a resistive heater that can be used
when post-exposure thermal desorption spectrome-
try (TDS) measurements are necessary. This tray
accommodates a bulk lithium sample in the form
of circular disk with the diameter of 2.8 cm and the
thickness of 2 mm. Both the rotating drum and sam-
ple tray are held independently at the floating poten-
tial, so that DC bias voltages can be applied to these
‘targets’ to be bombarded with plasmas.

Plasma-target interactions in VEHICLE-1 can be
diagnosed real-time by a linearly moveable Lang-
muir probe, optical multi-channel analyzer (OMA),
total pressure gauge, residual gas analyzer (RGA),
IR pyrometer, and two thermocouples. The plasma
column diameter is �3.5 cm limited by a donut lim-
iter (see Fig. 1(a)) so that the electron density and
temperature profiles, measured by the Langmuir
probe, are rather uniform over the areas of lithium
deposits and the sample tray. For recycling measure-
ments, the OMA is set for Ha and He–I, the volume-
integrated intensities of which are measured in
front of the rotating drum. Typically, the neutral
pressure is �0.133 Pa (=10�3 Torr) during plasma



Fig. 1. (a) A schematic diagram of the rotating drum setup in the
VEHICLE-1 facility [2] and (b) the standing sample tray setup
and PSI-TDS related diagnostics.
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operation. To avoid burning the filament, the RGA
is housed in a differentially pumped vacuum cham-
ber separated from the main chamber by an orifice
creating a pressure ratio of about 100-to-1.
Fig. 2. (a) Chemically bound hydrogen (red) to lithium (white) in
the ionic crystal of lithium hydride, and (b) a two-dimensional
slice of electrostatic potential contours around helium (yellow)
trapped in a vacancy created at the body-centered site of the cubic
lattice of solid lithium. The contours are drawn with the
increment of 0.01 e/aB, where e is the single electron charge and
aB is the Bohr radius.
3. Results and discussion

3.1. A brief review of previous work on reduced

recycling of helium

In our recent particle recycling experiments [7], it
has been demonstrated that helium can be codepos-
ited with lithium on the rotating drum surface
during plasma exposure. For these experiments,
the lithium deposition rate was �2 · 1016 Li-
atoms cm�2 s�1, i.e. �43 Å/s, and the DC bias on
the rotating drum was set at �30 V. Spectroscopy
data indicated that the He–I intensity decreases by
�20% relative to that without lithium deposition.
As opposed to hydrogen, forming lithium hydride
with the ionic crystalline structure (see Fig. 2(a)),
helium is considered to be trapped in a three-dimen-
sional electrostatic potential ‘cage’ created at a
defect site such as vacancy (see Fig. 2(b)). Note that
trapping (or de-trapping) energies of helium by
(from) lattice imperfections in metals have been
reported to be of the order of a few eV [8], signifi-
cantly larger than the chemical bonding energy of
0.95 eV for lithium hydride [9]. As it has turned
out in more recent experiments, applying a negative
DC bias of around a few tens of volts appears to be
a ‘pre-requisite’ to overcome this electrostatic
potential barrier.
3.2. Hydrogen and helium mixture plasma exposure

and post-exposure TDS

3.2.1. Generation and first-order characterization of

mixture plasmas

Hydrogen and helium mixture plasmas are gener-
ated with their partial pressures in the main cham-
ber set equal to each other, adjusting the partial
pressures measured by the RGA in a differentially
pumped chamber such that:

P RGA
He =P RGA

H2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mH2

=mHe

q
*P He ¼ P H2
ð Þ; ð1Þ

where P RGA
He and P RGA

H2
are the partial pressures in

the RGA chamber, PHe and PH2
are the partial



Fig. 3. Hydrogen and helium mixture plasma recycling behavior.

778 Y. Hirooka et al. / Journal of Nuclear Materials 363–365 (2007) 775–780
pressures in the main chamber, and mHe and mH2
are

the molecular masses of helium and hydrogen,
respectively. For the mixture plasma generation,
the total pressure is set at �0.133 Pa ( =10�3 Torr).
It has been found that the electron temperature and
density in the mixture plasmas are not significantly
different from those measured for individual
plasmas.

As to the characterization of hydrogen and
helium mixture plasmas, to the best of our knowl-
edge, there are no literature data that can provide
relevant information on the species composition
for hydrogen and helium mixture plasmas. For sim-
plicity, the formation of compounds such as helium
hydride is not taken into account in the afore-men-
tioned analysis. Available for hydrogen plasmas
with parameters identical to those in VEHICLE-1
is the theoretical prediction that ion species: H+,
Hþ2 and Hþ3 will be formed in the following density
ratio [10]:

nHþ : nHþ
2

: nHþ
3
� 0:1 : 0:3 : 0:6 ð2Þ

These individual densities, added to the one for
helium ions, can be related to the total plasma
density (i.e. electron density), ne, measured by the
Langmuir probe in such a way that:

nHþ þ nHþ
2
þ nHþ

3
þ nHeþ ¼ ne ð3Þ

Because the direct formation of Hþ2 from H2 is the
dominant process at electron temperatures 4–5 eV
[11,12], for convenience, we approximate the density
ratio of nþH2

to nþHe in the following manner:

nHeþ

nHþ
2

� nenHehrviHe!Heþ

nenH2
hrviH2!Hþ

2

¼ hrviHe!Heþ

hrviH2!Hþ
2

ð4Þ

where hrviHe!Heþ and hrviH2!Hþ
2

are the electron-im-
pact ionization rate coefficients for the processes:
He! He+ and H2 ! Hþ2 , respectively. Note that
because the hydrogen and helium partial pressures
are set equal for mixture plasma generation, nH2

and nHe are cancelled by each other in Eq. (4). Using
the atomic and molecular reactions database [12],
the ratio ðnþH2

=nþHeÞ has been calculated to be �0.1
at Te = 4–5 eV.

Solving Eqs. (2)–(4) with ne ’ 5 · 1010 cm�3, the
individual species densities have been determined
to be: nHþ ’ 5� 109 cm�3, nHþ

2
’ 1:5� 1010 cm�3,

nHþ
3
’ 2:9� 1010 cm�3, and nHe ’ 1.5 · 109 cm�3.

Though it is not complete yet, experimental verifica-
tion on the species composition analysis is under
way, connecting the ECR plasma source with a sep-
aration magnet.

The total flux of hydrogenic species, including
H0, may be expressed in the following manner [13]:

Ctotal ¼ CH0 þ CHþ þ 2CHþ
2
þ 3CHþ

3

’ CH0 þ
X
k¼1;3

knk

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBðT e þ T iÞ

mHþk

s
; ð5Þ

where kB is the Boltzman constant, and Te and Ti

are the electron and ion temperatures, respectively.
Note that detailed evaluation of the H0 contribution
in Eq. (5) would be extremely complicated, particu-
larly if the effects of wall trapping need to be consid-
ered [14], and is far beyond the scope of the present
work. For convenience, we assume that nH0 � nHþ

because the electron-impact Frank–Condon dissoci-
ation: eþHþ2 ! eþHþ þH0 is the dominant
process at electron temperatures 4–5 eV [11,12].
Also, it may be assumed that Te� Ti in Eq. (5).
Using the above-mentioned densities, Ctotal has been
calculated to be �8.3 · 1016 H-atoms s�1 cm�2. The
incoming helium flux is estimated to be �7.8 · 1014

He-atoms s�1 cm�2.

3.2.2. Mixture plasma recycling experiments

Hydrogen and helium mixture plasma bombard-
ment is conducted with the rotating drum DC-
biased at �30 V and �100 V and deposited with
lithium at the rate of �2 · 1016 Li-atoms cm�2 s�1.
It should be cautioned that the actual deposition
rate is slightly lower due to sputtering, which then
results in lithium coatings on the wall surface.
Shown in Fig. 3 is a typical example of spectro-
scopic data taken for Ha and He–I measured in
front of the rotating drum applied with the DC bias
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Fig. 4. Thermal desorption from bulk lithium bombarded by a
H + He mixture plasma in VEHICLE-1 at the bias voltage of
�100 V. The total trapping quantities of H and He evaluated,
using the respective reference pressures. For the spot of temper-
ature measurements denoted by T1 and T2, see Fig. 1(b) and for
the details of temperature evolution, see Ref. [6]. Note that
1 Torr = 133.3 Pa.
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voltage of �100 V. From our previous work [4],
these spectroscopic signals are known to be propor-
tional to the reemitted fluxes of molecular hydrogen
and hence helium as well. As soon as lithium depo-
sition starts, both the light intensities decrease to
their respective steady state levels. This suggests that
hydrogen and helium are not mutually exclusive in
the process of simultaneous codeposition with lith-
ium, because they are believed to be trapped in their
preferred lattice sites, as shown in Fig. 2. The
observed reductions in light intensity are typically
�30% and �20% for Ha and He–I, respectively,
both relative to 100% steady state recycling. These
percentage numbers correspond to the particle
removal rates of �2.5 · 1016 H-atoms s�1 cm�2

and �1.6 · 1014 He-atoms s�1 cm�2, and hence to
the averaged atomic ratios of (H/Li) � 1.25 and
(He/Li) � 0.008 in the resultant codeposits.

The somewhat larger than that is consistent with
atomic ratio (H/Li) is above-mentioned the stoi-
choimetry of LiH, which we would attribute to the
convenient assumption: nH0 � nHþ , having resulted
in an overestimated flux to the rotating drum in
VEHICLE-1, the internal surface of which is sput-
ter-coated with lithium. In our previous work [6],
H0 along with H+, Hþ2 and Hþ3 exhibited trapping
coefficients �0.37, orders of magnitude higher than
those measured for thermal H2, in which case one
would expect that the density of H0 be much smal-
ler, as shown in [13]. However, again, further discus-
sion on the hydrogenic species mix analysis is not
the primary objective of the present work.

One also finds that the particle removal rates are
considerably smaller than trapping coefficients, i.e.
0.85 for H+! Li and 0.97 for He+! Li at
100 eV, both calculated by the TRIM-SP code
[15]. This may be a result of ion-impact desorption
simultaneous with implantation, but details are
unclear at this point. Although molecular dynamics
calculations have yet to be executed, one predicts
that trapping coefficients would noticeably be smal-
ler when the DC bias is reduced to �30 V. Contrary
to this prediction, however, spectroscopic data indi-
cate that no significant difference has been seen
between the particle removal rates obtained at
�30 V and �100 V. It follows immediately from
this that the particle removal rate is not quite an
energy-sensitive parameter, presumably due to the
continuous growth of lithium deposits. Currently,
a zero-dimensional particle balance model is
being developed to better interpret these obser-
vations.
To crosscheck these particle removal rate data,
bulk lithium has also been exposed to hydrogen
and helium mixture plasmas, applying the DC bias
of �100 V to the sample tray shown in Fig. 1(b).
Because this sample tray is not water-cooled, the
ECR plasma power needs to be decreased so as to
maintain lithium at around room temperature.
Fortunately, the electron temperatures of mixture
plasmas generated under these low-power condi-
tions are found to be essentially the same as those
measured for the rotating drum experiments, which
helps avoid additional complications in the plasma
species mix analysis. From the TDS data shown in
Fig. 4, the time-averaged trapping rates have been
evaluated to be about 5.4 · 1015 H-atoms s�1 cm�2

and 1.8 · 1014 He-atoms s�1 cm�2, the former of
which is about a factor of 5 smaller, again due to
the overestimated nH0 , whereas the latter of which
appears to be in good agreement compared with
the corresponding particle removal rate data.

4. Conclusion

In the present work, the use of MS-PFCs is
proposed for particle control over wall-recycled DT
fuel and helium ash in steady state fusion reactors.
As the simplest form of MS-PFC, a rotating drum
gettered with lithium has been exposed to steady state
hydrogen and helium mixture plasmas in VEHICLE-
1. Real-time Ha and He–I spectroscopic data have
indicated that particles recycling is reduced notice-
ably, even at steady state, due to the simultaneous
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hydrogen and helium codeposition with lithium,
forming a multi-phase structure, i.e. Li + LiH +
Li(He) where helium is trapped by lattice imperfec-
tions in vapor deposits. The particle removal rates
have been estimated to be �2.5 · 1016 H-atoms s�1

cm�2 and �1.6 · 1014 He-atoms s�1 cm�2. Standing
samples of bulk lithium has also been bombarded
with mixture plasmas under identical conditions,
and post-exposure TDS data have corroborated,
only qualitatively though, these particle removal
rates obtained from the rotating drum setup.
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