EXPOSURE OF TUNGSTEN SURFACE TO HIGH-FLUX OF HELIUM
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Present work investigates the erosion yields of tungsten exposed to intense beams of He and Ar ions using weight-
loss measurements. The ion beams were generated by FALCON ion source, typical particle fluxes were in the range of
(0.4...1.0)x10% m™2-s™* and the heat fluxes were 0.3...0.8 MW-m 2. Investigations show that the erosion yield for He
ions is in line with simulations and experimental literature data on physical sputtering, while for Ar bombardment one
has observed lower erosion yields. The morphology of the surface has also been studied with SEM.

PACS: 79.20 Rf

INTRODUCTION

The long-term solution of the energy problem is
tightly connected to International Thermonuclear
Experimental Reactor (ITER) which is currently under
construction at its site in Cadarache, France. ITER
operation and discharge regimes are under investigation
still. Stability of the plasma-facing materials exposed to
high particle fluxes and fluence is one of the problems
which need to be addressed by ITER. It has been agreed
that tungsten surface will be used at least in the divertor
region [1] where particle and heat loads are rather
intense. Preliminary estimations show that these
components will be exposed to particle fluxes in the
range of 10%...10%° m™2s™*, while heat fluxes will be up
to 3 MW-m [2]. The total number of discharges should
be about 10* with the average duration of the each pulse
up to 400 s according to currently existing specifications
of ITER. This results in total particle fluence of
10%...10*° m2s™,

The given fluence range for the divertor component
could be used to evaluate its lifetime based on physical
sputtering. Unfortunately, this range has not been
investigated with laboratory devices, which may
provide suitable accuracy for measurement of the
erosion yields. The ion beam setups like HiFIT could
provide particle fluxes up to 3.6x10* m2s™ at the
energy of kilo electron volt range [3]. Various plasma
devices can provide much lower energies for the particle
fluxes of =102 m?%s™ and above [4-6]. As an
intermediate solution, FALCON ion source has been
developed to provide the fluxes typical for plasma
devices, however, at kilo electron volt range [7, 8]. It is
based on design of closed drift thrusters (also known as
Hall thrusters), which are typically used as space
propulsions [9]. In contrast to plasma devices, its
simplicity and compactness allow it to be installed
virtually on any vacuum system and provide the setup
for the fusion oriented plasma-material research.

Present work continues our previous studies with the
bombardment of tungsten surface with hydrogen ions in
the high-flux range [10]. It is supposed that this range
can contain new effects, which influence the material
erosion and, therefore, the long-term lifetime of the
plasma facing components. In this work the
investigation is further extended to helium and argon
ion fluxes, and the erosion of the surface is studied by

both weight-loss method and ex-situ post bombardment
scanning electron microscopy. The obtained results are
further compared to experimental data from literature as
well as to the results of the computer simulations based
on binary-collision approximations. This allows
identifying the deviations from pure physical sputtering,
which can be the indication of new mechanisms
influencing the surface erosion.

1. METHODS

The tungsten samples were exposed to the ion beam
generated by FALCON ion source. The discharge gap
was filled with He or Ar working gas. The acceleration
voltage was 5.4 keV and the average energy of the ion
beam was 2.2 keV. The ion flux for He was in the range
of (0.4...05)x102?m%s™ and the heat flux was
0.3...04 MW-m™ This led to the increase of the
sample temperature up to 770°K. The particle flux for
Ar ion beam was 10?m2s™ and the heat flux was
about 0.8 MW-m 2. Therefore, the sample exposed to Ar
ion beam heats up to a temperature of 970 K. Both ion
beams had irradiated the samples up to the fluence
above 10 m2s™,

The samples were made of polycrystalline tungsten
manufactured by Plansee with a purity of 99.999 % wt.
This material was proposed for ITER. The dimensions
of the samples were 12x15x0.8 mm. The grain sizes
were estimated to be in the range of 5...20 um. All
specimens were mechanically polished to the mirror-
like surface. The temperature of the sample was
evaluated basing on Stephan-Boltzmann law and
preliminary measurements with thermocouple, see
details in [10].

The erosion yield has been measured by using ex-
situ weight-loss measurements before and after the
exposure. The absolute accuracy of the weight
measurements was +5 ug, while typical weigh-change
of the sample before and after the exposure was well
above 1 mg. The charge collection measurements are
assumed being a good representative of total number of
incident particles. Details of ion beam characterization
could be found in [8]. Therefore, weight-loss
measurements of erosion introduce negligible errors
under given conditions.
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After the exposure, the surface of the samples has
been examined with scanning electron microscopy
(SEM).

2. RESULTS AND DISCUSSION

Results of erosion yield measurement are shown in
Fig. 1. Bombardment of W samples with He ion beam
has been performed in a few steps to evaluate the
fluence dependent erosion yield. The data are compared
to TRIDYN simulations [11] and experimental data
taken from [12].

Fig. 1,a shows the fluence dependent erosion yield
of W sample exposed to He ion beam. Experimentally
measured erosion yield is stable in the fluence range up
to 10®°m™, and it is in a good agreement with the
results of simulation. Fig. 1,b shows the experimentally
measured data against the energy dependent sputtering
yield as obtained by simulations and experimental data
[12]. One can see that the measured erosion yields are in
a good agreement with data for physical sputtering and
could be well explained by this phenomenon.
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Fig. 1. Sputtering yields: (a) as a function of fluence for

W sample exposed to He ions; (b) comparison of data

for He ions bombarding W; (c) comparison of data for
Ar ions bombarding W

At the same time erosion of W sample with Ar ion
beam shows the yield which is somewhat lower than
results of simulations and literature data [12]. Generally,
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erosion of W with heavy noble gases is well reproduced
by the simulations with programs based on binary-
collision approximation. Therefore, the observed
difference could not be explained by the experimental
errors and the possible low amount of light impurities,
which potentially decrease the measured erosion yield.
Most probable explanation of the observed lower sputter
yield is the high particle and heat fluxes. At the same
time, the temperature of the surface has possibly not
contributed to observed decrease, because similar
surface temperature has been reached during exposure
with He and with H ion beams [10].

Fig. 2 shows the morphology of the surface after the
exposure as obtained by SEM. The morphology of the
sample exposed to He ions is shown in Fig. 2,a. This
surface is typical for sputter erosion mechanism. Similar
morphology has been observed in [10], where W
surface has been exposed to high-flux H ion beam.
Surface shows no blisters or other features which can be
found on the surface exposed to He ion flux.

On the other hand, recently carried out experiments
on bombardment of the W surface with high heat and
particle fluxes of H-He mixture [13] have shown that
the measured erosion vyield exceeds the vyield for
physical sputtering only by factor of two. This might be
explained by origination of the features on the surface
and consequent increase of the local angle of incidence.
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Fig. 2. The SEM images of W surface exposed to:
(a) He ion beam; (b) Ar ion beam

The morphology of W surface exposed to Ar ion
beam is shown see in Fig. 2,b. One can observe small
pores and cracks with typical dimension of =1 pum.
Similar defects had not been observed in case of
irradiation of W surface either with H ions [10] or with
He ions. Therefore, factors like surface temperature or
high flux have not resulted in production of such
features. Origination of the features might be explained
by factors like mass of the incident ions and/or amount
of the sputtered atoms from the surface.

CONCLUSIONS

The tungsten samples were irradiated with keV ion
beams featuring He or Ar species. The beam has been
generated by FALCON ion source with typical particle
fluxes of (0.4...1.0)x10% m™?s™* and the heat fluxes of
0.3...08 MW-m™2 The heat fluxes elevate the
temperature of the samples up to 770...970 K. The long
exposure with intense particle flux allowed reaching
fluence above 10%° m™.

The weight-loss measurements have shown nearly
constant erosion yield for He ion beam as fluence
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increases. The measured erosion yields have been
compared to experimental data taken from literature and
to the results of the simulation. Erosion yield of
tungsten with He ion beam is in a good agreement with
data for physical sputtering. At the same time erosion
yields produced by Ar ion beam are below yields for
physical sputtering by factor of two. The morphology of
the surface exposed to He ion beam has been found to
be typical for erosion produced by physical sputtering.
In contrast, bombardment of the W surface with Ar ion
beam produces pores and cracks with typical dimension
of 1 pm.

Therefore, high-flux and high-fluence exposure of
the tungsten with Ar ions can involve the effects, which
decrease the erosion while He ion flux does not
demonstrate this kind of effects limiting its influence
within the physical sputtering.

REFERENCES

1. R.E.H. Clark, D.H. Reiter. Nuclear Fusion Research:
Understanding plasma surface interactions. Springer,
2005.

2. G. Federici et.al. Plasma-material interactions in
current tokamaks and their implications for next step
fusion reactors // Nucl. Fus. 2001, v. 41, p. 1967.

3. T. Shimada, Y. Ueda, A. Sagara, and M. Nishikawa.
Development of new steady-state, low-energy, and
high-flux ion beam test device // Rev. Sci. Instrum.
2002, v. 73, p. 1741-1745.

4. G.M. Wright, D.G. Whyte, B. Lipschultz, R.P. Doerner,
and J. G. Kulpin. Dynamics of hydrogenic retention in
molybdenum: First results from DIONISOS // J. Nucl.
Mat. 2007, v. 363-365, p. 977-983.

5. D.M. Goebel, G.A. Campbell, R.W. Conn. Plasma
surface interaction experimental facility (PISCES) for

materials and edge physics studies // J. Nucl. Mat. 1984,
v. 121, p. 277.

6. D. Nishijima, M.Y. Ye, N. Ohno, and S. Takamura.
Formation mechanism of bubbles and holes on tungsten
surface with low-energy and high-flux helium plasma
irradiation in NAGDIS-II // J. Nucl. Mat. 2004, v. 329-
333, p. 1029-1033.

7. M. Gutkin, A. Bizyukov, V. Sleptsov, I. Bizyukov,
K. Sereda. Focused anode layer ion source with
converging and charge compensated beam (FALCON).
U.S. Patent Ne US 7622721 B2, 20009.

8. 0. Girka, I.Bizyukov, K. Sereda, A. Bizyukov,
M. Gutkin, V. Sleptsov. Compact steady-state and high-
flux FALCON ion source for tests of plasma-facing
materials // Rev. Sci. Instrum. 2012, v. 83, p. 083501.

9. V.V. Zhurin, H.R. Kaufman, R.S. Robinson. Physics
of closed drift thrusters // Plasma Sources Sci. Technol.
1999, v. 8, p. R1-R20.

10. 1. Bizyukov. Sputtering of tungsten exposed to high-
flux and high-fluence hydrogen ion beam // Problems of
Atomic Science and Technology. Ser. "Plasma Physics"
2013, v. 86. p. 304-307.

11. W. Moeller, W. Eckstein, J.P. Biersack. TRIDYN —
binary collision simulation of atomic collisions and
dynamic composition changes in solids // Comput. Phys.
Commun. 1988, v. 51, p. 355.

12. W. Eckstein, C. Garcia-Rosales, J. Roth,
W. Ottenberg. Sputtering data. IPP Report 9/82
Garching, Max-Planck-Institute for Plasmaphysics,
1993.

13. H. Greuner, H. Maier, M. Balden, B. Boeswirth,
Ch. Linsmeier. Investigation of W components exposed
to high thermal and high H/He fluxes // J. Nucl. Mater.
2011, v. 417, p. 495-498.

Article received 25.09.2014

OBJYYEHUE MTOBEPXHOCTH BOJb®PAMA BOJIBIIIUM MOTOKOM MOHOB APITOHA U I'EJINSI
H.0. Buszioxoe, A.H. I'upka, P.H. Cmapoeoiimos, A.A. Buswkos, B.B. bookos

Hccrnenyrotest ko3 PHUIMEHTHI 3p03uU Bob(pama, M3MEPEHHBIC C MOMOIIIBI0 MeToAa moTepu Beca. OOpasiibl
00nyyanuch MHTEHCUBHBIMHU Tydykamu HOHOB He m Ar. MoHHBIE MydYKH T€HEPUPOBAINCH MOHHBIM HCTOYHHKOM
FALCON, mpu 3TOM IJIOTHOCTh IOTOKAa HOHOB COCTaBIsIa (O,4...1,O)><1022 M'Z-c'l, a TEIUIOBOM IOTOK Ha
noBepxHOCTh coctaBisut 0,3...0,8 MB1M 2. HWccrnenoBanust moka3and, 4To 3po3us Boyb(pama moa Bo3aeiicTBHEM
noHOB He COOTBETCTBYET pe3yibTaTaM SKCIIEPUMEHTOB U JTUTEPATYPHBIM JaHHBIM 110 (PU3HYECKOMY PACIbLICHHIO, B
TO BpeMs Kak Ipu OoMOapaupoBKe HOHAMHU Ar KO3 (GHUIMEHTH 3PO3UN HIXKE 0KHAAeMBIX MPUOIN3UTENBHO B /IBa
pa3a. Mopdororus HoBepXHOCTH ObLIa UCCIIeI0OBaHa ¢ IOMOIIBI0 POM.

OINPOMIHEHHS TOBEPXHI BOJIb®PAMY BEJIUKHUM IMTOTOKOM IOHIB APTOHY TA I'EJIIIO
1.0. bizokos, O.1 Tipka, P.I. Cmaposoiimos, 0.0. bi3ioxos, B.B. bookoe

HocnijpkeHo koedilieHTH eposii Bonb(ppamy, BHMIpsSHI 3a JONOMOTOI METOJYy BTPaTH MacH. 3pa3Ku
ONPOMIHIOBAIUCH IHTEHCUBHMMH Iydkamu ioHiB He Ta Ar. JoHHI mHy4Yku 3 TYCTHHOIO TIOTOKY 1OHIB
(O,4...ZI.,0)><1022 M 2¢? Ta TeroBumu motokamu 0,3...0,8 MBT-M renepyBanuch prepeniom ionis FALCON.
JocnijpkeHHsT MOKaszanu, 1o eposis Boibdpamy mix aiero ioHIB He y3romkyerscst 3 pe3ysibTaTaMM i1HIIMX
EKCIIEPUMEHTIB Ta JIITEPaTypHUMH JaHUMH 3 (i3MYHOTO PO3MHICHHS. 32 yMOoBH O0MOapayBaHHs ioHamu Ar 3100yTi
KoeimieHTH epo3ii BUSABHINCH MEHIIMMHU 32 O4iKyBaHi Maibke BABidi. MopdoIrorito onpoMiHEeHNX MOBEPXOHB 0YJI0
JOCIIIXKEHO 3a fornoMororo PEM.
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