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Abstract

This theoretical study investigates the dynamic behavior of chemical erosion of graphite due to hydrogen-isotope ion
bombardment. The ion energy ranges from 10 to 1000 eV and the target temperature ranges from 300 to 1100 K. The
chemical erosion processes under investigation included surface-related and thermally activated hydrocarbon emission
processes. The computer code TRIDYN was employed. The proposed simulation model was fitted to experimental data
by implementing surface-related and thermally activated coefficients. It is improved compared to our previous model by
incorporating a depth-dependent probability for out-diffusion of hydrocarbons. The local reduction of carbon density due
to either physical sputtering or chemical erosion was also taken into account. Furthermore, the erosion for all three hydro-
gen isotopes – hydrogen, deuterium, and tritium – was modeled. All the calculated and fitted results are in good agreement
with measured data. The results from the current simulation model surpass previous ones in the low ion energy region in
which chemical erosion is of vital importance.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent decades, the suitability of graphite as an
inner-wall material in thermonuclear fusion devices
[1,2] has attracted considerable interest in both the-
oretical simulations and experimental measure-
ments due to its superior thermal and mechanical
properties, and its good plasma compatibility. How-
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ever, in addition to physical sputtering, the erosion
of graphite can be greatly enhanced by chemically
released volatile hydrocarbons (so-call chemical
erosion) via chemical reaction between carbon and
hydrogen through surface-related and thermally
activated hydrocarbon emission processes [3]. The
emitted hydrocarbons consist dominantly of meth-
ane molecules or methyl radicals, even if heavier
hydrocarbons contribute significantly at some ero-
sion conditions [4–10]. The surface-related process
refers to ion induced release of weakly bound
hydrocarbon complexes from the surface while the
.
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thermally activated process refers to thermal release
of hydrocarbons at the end of ion range. Chemical
erosion processes can result in undesirable effects
such as a limited lifetime of components, plasma
dilution with impurities, and high tritium retention
in re-deposited hydrocarbon layers [3]. Hence, a
thorough understanding of dynamic characteristics
of graphite exposed to an energetic plasma contain-
ing different hydrogen isotopes (H, D, and T) is
essential before considering thermonuclear fusion
for industrial applications. Additionally, a compre-
hensive model for simulating the chemical erosion
of graphite under bombardment with hydrogen iso-
topes is necessary in order to gain more insight into
the chemical erosion mechanisms and in designing a
more suitable inner-wall material (such as doped
graphites [11]). It is therefore the objective of this
study to improve our previous model [12] by incor-
porating the diffusion model proposed by Hopf
et al. [13] as well as extending its applicability to
all hydrogen isotopes. Note, hydrogen is through
out the paper as synonym for the three isotopes,
and if it is necessary to refer to one isotope, the
chemical symbols H, D, and T are used. Both chem-
ical erosion and physical sputtering of graphite are
studied depending on ion energy and target
temperature.

2. Simulation model

The total erosion yield (Ytot) of graphite under
hydrogen ion irradiation is given by the following
equation [3]:

Y tot ¼ Y phys þ Y chem ¼ Y phys þ Y surf þ Y therm; ð1Þ

where Yphys denotes the physical sputtering yield of
graphite due to the kinetic emission of carbon atoms
from the target surface; Ychem represents the chem-
ical erosion yield of graphite due to the emission
of hydrocarbons; Ysurf denotes the chemical erosion
yield of graphite due to the emission of surface-re-
lated hydrocarbons from the target surface; Ytherm

represents the chemical erosion yield of graphite
due to the emission of thermally activated hydrocar-
bons from the target surface as well as from the
bulk.

The current simulation model of Ysurf and Ytherm

is improved compared to our previous one [12] by
including an out-diffusion probability of hydrocar-
bons [13]. The calculated surface-related and ther-
mally activated chemical erosion yields are given
by the fluence-averaged values as follows:
Y calc
surf ¼

1

U

X

i

a
ðH=CÞxi

ðH=CÞmax

fd;xi P diff ;xi if 0 6 xi 6 xsurf ;

ð2Þ

Y calc
therm ¼

1

U

X

i

b
ðH=CÞxi

ðH=CÞmax

Y meas
therm if 0 6 xi; ð3Þ

where the superscripts ‘calc’ and ‘meas’ denote the
calculated values yielded from this study and the
measured data obtained from other studies [10,14],
respectively; the subscripts ‘surf’ and ‘therm’ repre-
sent the surface-related and thermally activated pro-
cesses emitting hydrocarbons, respectively; the
subscript ‘i’ denotes the ith implanted hydrogen
ion. Note, all the possible volatile hydrocarbon spe-
cies, including methane molecules, methyl radicals,
heavier hydrocarbons, etc. are taken into account
implicitly in the current simulation model. In addi-
tion, (i) U = /t denotes the hydrogen ion fluence,
/ represents the hydrogen ion flux, and t denotes
the implantation time; (ii) a and b represent the sur-
face-related and thermally activated coefficients,
respectively, which are to be determined; (iii) (H/
C)xi

refers to the atomic ratio of hydrogen to carbon
at the location xi, where it attempts to saturate to a
temperature-dependent value (H/C)max as ion fluence
exceeds some critical fluence Ucrit; (iv) (H/C)max de-
creases exponentially from 0.42 [15–17] to approxi-
mately zero as target temperature increases from
300 to 1100 K and is assumed to be identical for
all hydrogen isotopes; (v) xi indicates the location
or depth of the ith implanted hydrogen in graphite
[18]; (vi) fd,xi

refers to implantation damage pro-
duced at xi [3,15,16,19]; and (vii) P diff ;xi ¼ e�xi=k re-
fers to the depth-dependent probability of out-
diffusing hydrocarbons from xi [13]. The diffusion
length k is assumed to increase linearly with target
temperature (i.e., k = 0.4 nm at 300 K [13] and
k = xsurf at 1100 K); xsurf represents the maximum
depth at which chemical erosion of graphite due
to the emission of surface-related hydrocarbons
from the target surface takes place and is given by
1 nm [20]. The possibility of segregation and forma-
tion of gas molecules such as H2, D2, or T2 [21] in
graphite is neglected in the present study.

Furthermore, the chemical erosion of graphite
due to hydrogen irradiation was dynamically con-
ducted by implementing Eqs. (2) and (3) in the
dynamic Monte-Carlo computer simulation code
TRIDYN [22]. The ion fluence employed was
1.25 · 1019 ions/cm2 [1]. The ion energy (E) ranges
from 10 to 1000 eV and the target temperature (T)
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ranges from 300 to 1100 K. The number of simu-
lated particles was 106 in all computations. In addi-
tion, an iteration procedure as well as a least-
squares fitting technique were applied for best
approximating Y calc

chem to Y meas
chem to determine the coef-

ficients a and b. Note, Roth’s [3] fit formula of Y Roth
chem

approximates well to Y meas
chem and is thus adopted in

the present study to represent Y meas
chem.

Another simulation model was proposed by Hopf
and Jacob [23]. Although developed independently,
it is interesting to note that both models show many
similarities. However, the main differences can be
summarized as follows: (1) the Hopf simulation
model uses the ‘static’ computer code TRIM.SP
[24] (which is valid only for low ion fluence) to calcu-
late both damage and implanted-ion depth profiles
while the current simulation model uses the
‘dynamic’ computer code TRIDYN (which allows
to take fluence dependent target changes into
accounts and is especially applicable for high ion flu-
ence); (2) the Hopf simulation model uses bond
breaking events to represent damage depth profile
while the current simulation model uses the nuclear
energy deposition function (which leads to differ-
ences at low ion energies [23]); (3) the current simu-
lation model uses an additional term of
ðH=CÞxi

=ðH=CÞmax to account more realistically for
the variation of volatile hydrocarbon formation at
the location xi as a function of hydrogen fluence.
D into C 
T = 300 K 

1E-1

1E+0
Current model (calc.)

Previous model (calc.)

Roth (fitted)
3. Results and discussion

The best-fitting coefficients a and b obtained
from this study for graphite bombarded by hydro-
gen ions at various target temperatures are shown
Table 1
Best-fitting coefficients a and b for graphite bombarded by
hydrogen ions at various target temperatures

T (K) aa b

H D T H D T

300 5.00E�3 7.14E�3 5.93E�3 1.42 1.31 1.23
473 3.78E�3 5.45E�3 4.51E�3 1.44 1.32 1.24
573 3.56E�3 5.03E�3 4.10E�3 1.46 1.33 1.24
673 3.65E�3 4.86E�3 3.87E�3 1.51 1.35 1.25
773 3.66E�3 4.64E�3 3.64E�3 1.54 1.37 1.27
873 2.64E�3 3.30E�3 2.57E�3 1.49 1.33 1.23

973b 7.41E�4 9.26E�4 7.22E�4 1.48 1.32 1.22
1100b 2.64E�5 3.30E�5 2.58E�5 1.47 1.32 1.22

a Calculated according to the number of hydrocarbons/(eV/
nm).

b (H/C)max was assumed to be 10�4 for target temperatures
greater than 900 K.
in Table 1. As can be seen, a is more dependent
on target temperature than b and decreases with
increasing target temperature. However, b increases
moderately with increasing target temperature,
peaks at 773 K, and decreases then. Both a and b
depend on the isotope, where D and H ions have
the largest values of a and b, respectively. The for-
mer indicates that D possesses the greatest ability
to form volatile hydrocarbons [25] while the latter
reveals that the largest amount of H ions is reflected
from the target surface and end up at a depth that is
not saturated with the (H/C)max value [12].

The dependence of the different yields (Yphys,
Ysurf,Ytherm) on ion energy due to D ion irradiation
at target temperatures of 300 and 773 K is plotted in
Fig. 1. In the figure, the solid, dashed, and dotted
lines illustrate the results calculated from the current
simulation model (Ycalc), the results calculated with
the previous simulation model applied here to D
(Yprev) [12], and the results yielded from Roth’s fit
formula [3] (YRoth), respectively. Note, the ion flux
employed in Roth’s fit formula was 1016 ions/cm2 s
[1]. The surface-related and thermally activated
chemical erosion processes are dominant at low
and high target temperatures, respectively. The val-
ues of Ytherm and Yphys for the current model (Ycalc)
and the previous model (Yprev) are almost the same
and hard to be singled out in Fig. 1. However, there
are some discrepancies between Y calc

surf and Y prev
surf espe-

cially in the low ion energy region (<40 eV), which is
1E+1 1E+2 1E+3
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Fig. 1. Ysurf,Ytherm, and Yphys as a function of ion energy for
graphite bombarded by deuterium ions at target temperatures of
300 and 773 K.
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mainly due to the inclusion of a depth-dependent
probability for out-diffusion of hydrocarbons in
the current simulation model compared to the previ-
ous simulation model. The discrepancies get larger
by decreasing either ion energies (i.e., decreasing
Xi) or target temperatures (i.e., increasing k). Also
note that Ysurf, Ytherm, and Yphys values increase
with increasing ion mass.

Also shown in Fig. 1, all of the Y calc
surf , Y calc

therm, and

Y calc
phys values reproduce the corresponding YRoth val-

ues quite well. However, there are some discrepan-
cies between Y calc

surf and Y Roth
surf and between Y calc

phys and
Y Roth

phys . Differences in Ysurf arise at both, lower
(E < 40 eV) and higher ion energies (E > 100 eV).
Note, Y Roth

surf was obtained by fitting it to the mea-
sured data Y meas

surf . For lower ion energies, a further
comparison of Y calc

surf and Y Roth
surf with Y meas

surf is needed
and will be discussed in Fig. 2. For higher ion ener-
gies, Y calc

surf is much smaller than Y calc
phys and the fitting

error may be substantial for small values, this dis-
crepancy can be disregarded [12].

The differences in Yphys are primarily due to that
fact that Roth’s fit formula for Yphys is derived with
the underlying assumption that the graphite target
material does not change its C concentration during
D ion bombardment. In reality, D ion irradiation
causes a reduction of the C fraction in the target
material, subsequently resulting in a decrease of
Y calc

phys when compared to Y Roth
phys . In addition, (D/
1E+1 1E+2 1E+3
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Fig. 2. Ytot as a function of ion energy for graphite bombarded
by hydrogen isotope ions at target temperatures of 300 and
773 K.
C)max increases (i.e., the atomic fraction of carbon
decreases) as target temperature decreases. Hence,
the difference between Y calc

phys and Y Roth
phys gets larger

at decreasing target temperatures. Similar phenom-
ena occur for H and T ion bombardment. The
discrepancy between Y calc

phys and Y Roth
phys increases as

ions become heavier.
Another consequence of the modified surface C

concentration due to hydrogen bombardment is
the variation of the surface binding energy [22],
which is taken into account in TRIDYN but not
in TRIM.SP. Therefore, the threshold ion energy,
which has to be overcome for physical sputtering
(Ethres), is – in addition to the isotope dependence
– target temperature dependent. In this study, Ethres

is the ion energy at which Yphys equals 10�4. At a
target temperature of 300 and 773 K, the target tem-
perature dependent value of Ecalc

thres is 43.2 and
44.1 eV for H; 28.1 and 29.2 eV for D; and 23.1
and 26.6 eV for T, respectively. The target tempera-
ture independent value of ERoth

thres is 40.0, 32.2, and
34.2 eV for H, D, and T ion irradiations, respec-
tively. It retains its maximum value for H ion irradi-
ation and its minimum value for D ion irradiation.

Fig. 2 displays Ytot as a function of ion energy
due to D ion irradiation at target temperatures of
300 and 773 K, in which Y calc

tot , Y prev
tot , Y Roth

tot , and
Y meas

tot are shown as solid lines, dashed lines, dotted
lines, and open squares, respectively. The measured
data Y meas

tot are adopted from Refs. [10,14]. Basically,
the results show that Y calc

tot at both target tempera-
tures are consistent with the corresponding Y Roth

tot

as well as Y meas
tot . At a target temperature of 300 K

and low ion energy, Y calc
tot gets closer to Y meas

tot than
Y prev

tot and Y Roth
tot . This is one of the major achieve-

ments of the current simulation model by introduc-
ing the out-diffusion probability. Furthermore, the
fact that when Y calc

phys is at a high ion energy, it is
smaller than that of Y Roth

phys (as shown in Fig. 1),
accounting for why Y calc

tot is smaller than Y Roth
tot .

Also shown in Fig. 2 are Y calc
tot versus ion energy

for H (circles) and T (stars) ion irradiation at target
temperatures of 300 and 773 K for comparison to
D. As can be seen, T and H ions have the largest
and smallest values of Y calc

tot , respectively. The dis-
crepancies among Y calc

tot for H, D, and T are signifi-
cantly reduced as target temperature increases but
insignificantly reduced as ion energy increases.

Fig. 3 shows Ychem as a function of target temper-
ature at 50 and 100 eV D ion irradiation, and com-
pares Y calc

chem, Y prev
chem, Y Roth

chem, and Y meas
chem. The measured

data Y meas
chem are adopted from the weight loss
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Fig. 3. Ychem as a function of target temperature for graphite
bombarded by hydrogen isotope ions at ion energies of 50 and
100 eV.
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measurements from Refs. [10,14]. As can be seen, all
of Y calc

chem, Y prev
chem, Y Roth

chem, and Y meas
chem values are close to

each other. Especially, the Y calc
chem and Y prev

chem values
are almost the same and hard to be singled out. In
addition, Ychem exhibits the well-known maximum
at high target temperatures for ion energies of 50
and 100 eV. This is due to the thermally activated
process and is described in detail in Refs.
[1,3,10,26]. The peak target temperature (T peak

chemÞ is
the temperature at which Ychem reaches its maxi-
mum. The T peak

chem values for both ion energies of 50
and 100 eV and all three hydrogen isotopes are at
approximately 800 K. Nevertheless, the measured
data show a much broader peak, a shift of the max-
imum [10], and slightly higher values. None of the
models describes this experimental observation.

Fig. 3 also compares Y calc
chem against target temper-

ature for H (circles), D (solid lines), and T (stars)
ion irradiation at ion energies of 50 and 100 eV.
As shown, T and H ions hold the largest and small-
est values of Y calc

chem, respectively. Note, the discrepan-
cies among Y calc

chem for H, D, and T are also
significantly reduced as target temperature increases
but insignificantly reduced as ion energy increases.
4. Conclusions

This study has successfully developed a compre-
hensive computer model to simulate chemical ero-
sion of graphite due to hydrogen isotope ion
irradiation. The calculated results correlate more
closely to measured data than the fitted ones by
Roth. Both, physical sputtering and chemical
erosion yields, vary with ion energy, target temper-
ature, and ion mass. However, the target tempera-
ture at which chemical erosion yield reaches its
maximum is nearly independent of ion energy and
ion mass. As a whole, the isotope effect has influence
on: (1) the surface-related coefficient; (2) the ther-
mally activated coefficient; (3) the threshold ion
energy for physical sputtering. Among them, the
surface-related coefficient shows a stronger target-
temperature dependence than the thermally acti-
vated coefficient. Among all three hydrogen
isotopes, deuterium and hydrogen ions have the
largest surface-related and thermally activated coef-
ficients, respectively. The threshold ion energy for
physical sputtering increases with higher target tem-
perature, but decreases with greater ion mass.
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