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Effects of energetic carbon implantation on deuterium retention behavior in tungsten were studied. The
dislocation loops and vacancies were introduced in tungsten as irradiation damages by energetic carbon
implantation. The density of irradiation damages was almost saturated by C" implantation below 1 dpa according to
TEM observations. The retentions of deuterium trapped by dislocation loops and vacancies were observed in TDS
measurements, which were increased as increasing the carbon implantation energy. The deuterium desorption at
higher temperature above 600 K was also found, corresponding to the desorption of deuterium retained in the
intrinsic cavity in bulk region. However, this trapping was refrained by energetic C" implantation, concluding that
the retained carbon would play a role as the diffusion barrier of deuterium, which would prevent deuterium

penetration through bulk.
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1. Introduction
Tungsten is a candidate for plasma facing materials
(PFMs) in fusion devices due to its low hydrogen

solubility, low sputtering yield and high melting point [1].

The usage of carbon fiber composite (CFC) is also
considered in the high heat load region of divertor in
fusion reactor, because of its high melting point [2].
These materials will be exposed to energetic particles
from plasma during reactor operation. It is well known
that carbon materials are easily eroded by energetic
hydrogen isotopes by chemical or physical sputtering
processes. Then, sputtered carbon will be implanted into
tungsten with hydrogen isotopes during plasma operation,
which will form the tungsten-carbon (W-C) mixed layer
on the surface region of tungsten [3-5]. Hydrogen
isotopes  including tritium will be implanted
simultaneously with formation of W-C mixed layer, and
will dynamically interact with carbon in tungsten. In the
view point of the fuel recycling, it is important to
elucidate the retention behavior of hydrogen isotopes
retained on tungsten materials in the fusion environment.
In our previous studies, deuterium retention behavior in
tungsten with simultaneous 10 keV C* implantation was
evaluated. Enhancement of deuterium retention by the
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introduction of irradiation damages was clearly observed
because 10 keV C' implantation induced higher
displacement damage in tungsten than that by deuterium
[6]. On the other hand, it is reported that the carbon
retained in tungsten plays a role of diffusion barrier for
hydrogen isotopes toward the bulk, resulting in the
decrease of hydrogen isotope retention in tungsten [7].
Recent ion-driven permeation experiments under carbon -
deuterium simultaneous implantation indicate that
deuterium permeation is promoted by simultaneous
carbon implanted tungsten [8, 9]. These results indicate
the estimation of hydrogen isotope retention in tungsten
is complicated under fusion environment. Therefore,
deuterium retention in tungsten implanted with carbon
was investigated in this study to understand the effect of
carbon implantation on deuterium retention behavior in
tungsten. For this objective, two types of implantation
were carried out. One was the simultaneous implantation
(C" - D, sim. imp.) where carbon and deuterium were
implanted into tungsten the
simultaneous implantation circumstance, deuterium was
retained in tungsten with formations of irradiation defects
and W-C mixed layer. The other implantation was the
sequential implantation (C" - D," seq. imp.), meaning that

simultaneously. In
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carbon was implanted into tungsten prior to deuterium. In
the sequential implantation, deuterium was implanted into
tungsten after formations of irradiation defects and W-C
mixed layer. In addition, implantation energy of carbon
was changed to investigate dependences of the
distribution of carbon and damage on deuterium retention
behavior. The deuterium retentions were evaluated by
means of Thermal Desorption Spectroscopy (TDS)
measurements. The irradiation damages were also
observed by Transmission Electron Microscopy (TEM) at
Kyushu University.

2. Experimental

A disk-type polycrystalline tungsten with stress-relieved
conditions (heated at 1173 K), which was supplied by
Allied Material Co. Ltd was used. The sample size was
10 mm diameter and 0.5 mm thickness. The Sample was
polished mechanically to the roughness of less than 1 um
by SiC abrasive papers and mono-crystalline diamond
suspensions, and preheated at 1173 K for 30 minutes
under ultrahigh vacuum to remove the impurities and
damages introduced during the polishing processes. Then,
simultaneous or sequential carbon ion (C") and deuterium
ion (D,") implantations were performed in the C'-D,"

simultaneous implantation apparatus at room temperature.

In this apparatus, the sample can be irradiated
independently by two different ion guns, namely C* and
D," guns. In the C" gun, CO, was used as the C" source
gas to get rid of hydrogen impurities. The E X B mass
separator was equipped at the head of the C* gun to
extract pure C'. The incident angles for the C* and D,"
guns were 15 degrees from the sample surface normal,
forming an angle of 30 degrees between the two beams.
The energy of C* was changed from 5 to 10 keV and that
of D," was set to be 2 - 3 keV. The C* and D" flux were
0.1 x 10" ¢ m? s and 1.0 x 10" D" m? s”,
respectively.  Therefore, for C'-D,"
implantation, the ion flux ratio was set to be C'/D" = 0.1.
The C* fleunce was constant to be 0.1 x 10* C" m™ in
C'-D," sequential implantation. D* fluence was changed
in the range of (0.1 - 1.8) x 10* D" m™. The only D,
implantation was also performed to compare the
deuterium retention in C' implanted tungsten. The
chemical states of carbon and tungsten were studied by
X-ray Photoelectron Spectroscopy (XPS). The TDS
measurements were performed from room temperature to
1173 K with a heating rate of 0.5 K s'. The TEM
observations were also performed to investigate the
irradiation damages formed by the ion implantations. The
depth profile of deuterium was analyzed by Glow
Discharge Optical Emission Spectroscopy (GD-OES).

simultaneous

3. Results and discussion
Fig. 1 show TEM images of tungsten implanted by 3
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Fig. 1 TEM images of tungsten implanted with 3 keV
D," or 10 keV C™ at various ion fluences.

keV D, with the fluence of 1.0 x 10 D" m™ and
tungsten with 10 keV C* with different C* fluences in the
range of (0.001-0.1) x 10 C" m™. For all the samples,
lots of dislocation loops were introduced in tungsten by
ion implantations, which was quite different from pure
tungsten where its density was low. In addition, since the
irradiation vacancy and dislocation loop are pair defects,
the formation of dislocation loops indicated the
introduction of vacancies. It was also found that even
higher fluence of D, density of irradiation defects in
tungsten with 10 keV C” implantation was higher than
that with 3 keV D,  implantation, indicating that
irradiation damages were easily introduced in tungsten by
10 keV C" implantation compared to that by 3 keV D,"
implantation due to higher implantation energy, higher
mass and larger atomic radius. It was also found that
density of irradiation damages in tungsten induced by 10
keV C' implantation was increased in the C' fluence
range of (0.001-0.01) x 10”* C" m?, but its density was
seen to be the same with C" fluence larger than 0.01 x

m W-C bond (XPS)
A C-C bond (XPS)
= D (GD-OES)

jun “qre ; Asudu] Sdx
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Fig. 2 Depth profiles of D observed by GD-OES and
W-C and C-C bonds by XPS. The TEM image was
also shown in this figure.
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10* C" m™, indicating that density of irradiation defects
were saturated in the C* fluence of 0.01 x 10** C" m™. By
the SRIM (Stopping range of Ions in Matter) code
calculation [10], irradiation defects in tungsten implanted
by 10 keV C* with the C* fluence of 0.01 x 10* C" m™
were distributed within 30 nm beneath the surface, with
the peak at around 5 nm (1.3 dpa), indicating that the
density of irradiation defects would be saturated below
1.3 dpa. The depth profiles of D observed by GD-OES at
University of Toyama and, W-C and C-C bonds
evaluated by XPS were shown in Fig. 2. The TEM image
was also overlapped in this figure. It was found that most
of D was retained in W-C mixed layers and major
chemical state of C in this layer was found to be W-C
bond.

Fig. 3 shows D, TDS spectra for only 3 keV D,
implanted tungsten and 10 keV C" - 3 keV D,
sequentially implanted one with various D' fluences.
These spectra were consisted of three desorption stages at
around 370, 480 and 620 K which were named as Peaks 1,
2 and 3, respectively. In lower D" fluence of 0.1 ~ 0.3 x
102 D* m'z, the deuterium retentions as Peaks 1 and 2
were clearly increased by C* implantation, indicating that
these desorption stages would be related to the deuterium
interacted with the irradiation damages. The density of
irradiation damages induced by 10 keV C" implantation
was higher than that by 3 keV D, implantation as shown
in Fig. 1, resulting in the higher deuterium retention for
the 10 keV C" implanted tungsten. In general, trapping
energy of deuterium by vacancy would be higher than
that by dislocation loop [11,12], indicating that Peaks 1
and 2 could be assigned to the desorption stages of
deuterium trapped by dislocation loops and vacancies,
respectively. In higher fluence of 1.8 x 10 D" m™, the
deuterium retentions as Peaks 1 and 2 for C" implanted
W were almost the same as that without C* implantation,
indicating that deuterium trappings by irradiation
damages should be almost saturated. However, the
deuterium retention as Peak 3 for only D," implanted
tungsten was higher than that for 10 keV C" - 3 keV D,"
sequentially implanted one. The amount of trapping site
as Peak 3 was not induced by ion implantation because
the retention of deuterium as Peak 3 was not increased by
10 keV C" implantation. Therefore, the promising
trapping site for Peak 3 would be intrinsic sites such as
cavities, grain boundary and/or oxygen impurity [13,14].
Lower deuterium retention as Peak 3 for 10 keV C* - 3
keV D," sequentially implanted tungsten would indicate
that deuterium diffusion in tungsten was refrained by 10
keV C" implantation.

The retentions of deuterium retained as Peaks 1, 2 and 3
for tungsten with 10 keV C’ - 3 keV D,  sequential
implantation or implantations ~ were
compared in Fig. 4. The deuterium retentions for the
samples with the D* fluence of 1.8 x 10* D" m™ were

simultaneous
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Fig. 3 D, TDS spectra of 3 keV D," implanted

tungsten and 10 keV C*- 3 keV D," implanted one.

compared. In the case of C’- D, simultaneous
implantation, the retention of deuterium retained as Peak
3 was decreased by C" implantation, which was almost
the same with both of sequential and simultaneous
implantations. However, the deuterium retentions as
Peaks 1 and 2 for the simultaneous implantation were
increased compared to for the sequential
implantation. The deuterium trappings as Peaks 1 and 2
for C'- D," simultaneously implanted tungsten were
higher than that for sequentially implanted tungsten,
indicating that simultaneous implantation effects were
contributed to the increase of deuterium retentions in
these peaks.

To clarify the simultaneous implantation effects on
deuterium retention behavior in tungsten, incident energy
of C* was changed for both of sequential or simultaneous
implantations. The implantation energy of D," was fixed
to be 2 keV. Figs. 5 (a) and (b) show the D, TDS spectra
for C" - D, simultaneously implanted tungsten and C* -
D, sequentially implanted one as a function of C"
incident energy, respectively. Both of D" and C" fluences
were set to be 1.0 x 10%? D" m™? and 0.1 x 10 C" m?,
respectively. The D, TDS spectra were slightly changed
in simultaneous implantation case although little changes

those

o 1.5 T T :

g B Peakl

s @® Peak2 -

=~ A

=10l A Peak3 |

=

S

=

i}

g 0.5h ]

2 u

3

=1 A

5 A

@) 0.0 . + + I+ + I+ .
Only D, C-D, seq. C-D, sim.

Fig. 4 Comparison of deuterium retentions as Peaks 1, 2
and 3 for tungsten implanted with various implantation
procedure.
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Fig. 5 D, TDS spectra of tungsten with (a) C'- 2 keV D, simultaneous and
(b) C'- 2 keV D," sequential implantation with various C" incident energies

were observed in that for C'- D," sequentially implanted
tungsten. Fig. 6 summarizes the retentions of deuterium
retained as Peaks 1, 2 and 3. The deuterium retention as
Peak 1 was clearly increased for c- D, simultaneously
implanted tungsten. It was found that the no difference of
deuterium retention for C'- D," sequentially implanted
tungsten was observed nonetheless C' incident energy
was changed from 5 to 10 keV. By changing the C*
incident energies from 5 to 10 keV C°, the density of
irradiation damages was estimated to be above 10 dpa,
indicating that the density of irradiation defects was
saturated in all the samples. However, distributions of
irradiation defects induced by C* implantation were
changed with incident energy from SRIM code
With increasing C° incident energy,
distribution of irradiation damages was expanded toward
the depth. The irradiation damages induced by 10 keV C*
were extended from surface to 30 nm of depth although
those by 5 keV C* were limited with 20 nm from the
surface, indicating that the increase of deuterium
retention with increasing C* incident energy observed for

calculation.
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the simultaneously implanted tungsten was resulted from
distribution of irradiation damages. Deuterium trappings
by irradiation defects in deeper region (20 - 30 nm
beneath surface) would be contribution to these increases
of deuterium retention as Peaks 1 and 2. However in the
case of C' - D," sequential implantation, deuterium
retention was not increased with increasing C' incident
energy, considering that retained carbon would prevent
deuterium penetration into bulk region. In C* - D,
sequential implantation, the 2 keV D," was implanted
into tungsten after C" implantation. Therefore, implanted
deuterium should be affected by retained carbon in
tungsten. On the other hand in C*'- D," simultaneous
implantation, several portion of deuterium was implanted
into tungsten before retaining carbon enough to prevent
deuterium diffusion into bulk.

In summary, the retention of deuterium trapped by
irradiation damages was enhanced by energetic carbon
implantation. The deuterium retention by intrinsic cavity
in bulk region was also found and was decreased by
carbon
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Fig. 6 Deuterium retention for each peak of tungsten with (a) C'- D, simultaneous and
(b) C'- D," sequential implantation with various C" incident energies.
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considered that implanted carbon would play a role as the
deuterium diffusion barrier leading the reduction of
deuterium penetration toward the bulk. However, several
experiments showed deuterium ion-driven permeation
was promoted by carbon simultaneously implanted into
tungsten. These facts can be explained by the project
range of carbon and deuterium ions. In our experiments,
the project range of 5 - 10 keV C* were almost the same
as that of 2 - 3 keV D,". As the project range of carbon
reported in ref. [8,9] was shorter than that of deuterium,
higher portion of deuterium was implanted deeper region
of tungsten than carbon. The implanted deuterium was
easily permeated through tungsten because of the
decreased diffusivity in the implanted surface by carbon.

4. Conclusions

The effects of energetic carbon implantation on
deuterium retention behavior in tungsten were
investigated in this study. Dislocation loops and
vacancies were formed in tungsten as irradiation defects
by energetic carbon implantation. The density of
irradiation damage was saturated below about 1 dpa by
TEM observations. Deuterium retentions by dislocation
loops and vacancies were observed in TDS measurements.
Deuterium retentions by irradiation defects were
increased by energetic carbon implantation. Deuterium
retention by intrinsic cavity in bulk region was also found
and was decreased by energetic carbon implantation. It
was concluded that retained carbon would play a role as
the diffusion barrier of deuterium, preventing deuterium
to penetrating into bulk.
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