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Abstract

Methane (CD,) formation rates during deuteron bombardment of carbon
(Papyex) have been measured in the energy range of 100 to 1500 eV. The
temperature dependence of the methane formation rate is well explained
by the model proposed by Erents et al. in the temperature range of 600
to 1150 K. The model, however, does not explain the dependence of the
methane formation rate on the flux of incident deuterons at a certain
temperature near Tm at which the formation rate has a maximum value.

An alternative model is proposed in which the methane formation rate is
assumed to be proportional to the product of the following three para-
meters: ‘The surface concentration of deuterium atoms, the chemical
reaction rate for the formation of methane, and the rate of production
of vacancies on the surface by the deuteron bombardment. This model
predicts an energy dependence of methane formation which has a maximum
around 900 eV even at different deuteron fluxes, when the calculated
result by Weissman and Sigmund is used for the surface deposited energy

responsible for the production of vacancies.
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1. Introduction

Carbon is one of the promising materials for the first walls of
controlled fusion devices. It has been considered one of the key sur-
face material candidates in INTQR together with Be, BeO and SiC [1].

In spite of its advantageous characteristics such as high melting point
and high thermal shock resistance as well as low-Z, it has some critical
problems, for instance, chemical sputtering and reduction in thermal
conductivity with irradiation. Here we are concerned with the chemical
sputtering by.low energy deuteron bombardment of carbon (Papyex).

Methane formation in carbon by hydrogen (H, D) exposure has been
extensively studied using thermal atomic hydrogem [2-4,11,13,15] and
ion beams in the energy range of 100 eV to 30 keV [5-10,12,14]. The
measured data on methane formation yield with ion beams show a strong
temperature dependence mostly having a maximum typically at 800 - 900
K. A model has been proposed by Erents et al; [7,9] to explain the
temperature dependence. Although the model (hereafter we occasionally
call it Erents' model for simplicity) is empirical, it has had consider-
able success. But the model is insufficient to explain the detailed

“energy dependence of the methane formation yield having a maximum in the
vicinity of 1keV in the case of proton bombardment of pyrolytic

graphite [12]. Recently, another model which has improved Erents' model by
including surface deposited energy by energetic ion bombardment has been
proposed by Yamada and Sone [16] to explain the energy dependence. In
this paper the measured methane (CD,) formation rates are analysed on the

basis of these two models.



2. Experimental

The present experimental arrangement and méasuring technique were
similar to those previously used in deuteron re-emission and trapping
experiments in carbon [18]. Deuteron bombardments were carried out
by using a low energy accelerator. A D: ion beam was extracted from
a hollow discharge type ion source followed by -a Wien filter and Einzel
lens. The acceleration voltage was determined by the potential applied
to an extraction electrode. A stable beam current up to 4 A was obtained
on a target at an acceleration voltage of between 100 V and 2500 V. Nor-
mally beam retardation applying a positive potential on the target was
used for ion energies below 250 eV. The beam was well collimated to
a 2 mm diameter spot on the target.

The target sample was a high purity flexible graphite ribbon known
as Papyex (from Le Carbone), 30 mm X 3 mm X 0.! mm. It was mounted between
two insulated electrodes to provide a monitor of beam current, and to
allow thermal desorption of all trapped deuterons and annealing of the
sample by ohmic heating between bombardments. Target temperature was
measured with a pyrometer directly through a window and a small hole
in a chamber in which the target was placed. The target chamber was
evacuated with a mercury diffusion pump and a titanium getter pump
to an ultimate pressure of n1x10® torr, and a pressure of nFx1D—" torr
with the beam on. Flow of D, gas from the ion source to the target
chamber was minimised by two more mercury diffusion pumps used dif-
ferentially at the ion source and in the beam line. Measurement of
the methane (CD,) released from the surface during bombardment was
made with a quadrupole mass spectrometer by detecting continuously

a mass 20 signal.



The present experiment involved measurements on temperature, flux
and energy dependences of methane formation rates during deuteron bombard-
ment. For the measurement on the temperature dependence of methane forma-
tion rates, the temperature was changed in turn from high to low temperatures
to prevent an abrupt increase due to abruét deuterium gas desorption when
inversely changed. 1In the case of the measurement of the flux dependence
of methane formation rates, the ion beam current was changed from 4 UA
down to zero at constant target temperature. Concerning the measurement of
the energy dependence of methane formation rates, the energy was decreased
in turn from 1500 eV to 100 eV at definite fluxes and a constant target
temperature. In these measurements the steady state levels were always
taken as the values of the methane formation rates. Throughout the
experiment all the measured values of the methane formation rates were

relative and were not calibrated in absolute value.

3. Results and Discussion

A typical experimental result is shown in fig.l of the temperature
dependence of CD, formation rate at three different deuteron energies,
800 eV, 1250 eV and 1500 eV. Theoretical curves calculated from Erents'
model [7,9]afe also shown in the figure. Let us first review Erents'
model briefly. If we neglect particle backscattering of energetic
deuterons, the surface concentration of deuterium atoms n in the steady

state situation is given by

5 where T = 1, exp(Q,/RT) (1)



where JG +  incident deuteron flux,
g : detrapping cross section of D atoms induced by subsequently
incident deuteroms.
We obtain the rate of formation of methane 7y as:

AJ, exp(—Ql/RT)

Y - : @
J00+T

where Aexp(-Q,/RT) is the chemical reaction rate for the formation
of methane as described in Erents' model, A being a constant. If we
take account of the particle backscattering whose coefficient is demno-

ted by B, eqs. (1) and (2) are changed into the following equations:

_Jo (l_B)

n. = s (3
J,(1-BYo + 1%

AJo (1-B) exp(-Q, /RT)

¥ = , (4)
J,(1-B)o + 1T7*

The theoretical curves in fig. 1 are calculated using eq. (4) by choosing
suitable values of Q,, Q, and T,. The backscattering coefficient B is
taken from the energy dependence curve, fig.4. For the values of 0, we

use the following empirical formula,

g = exp(-O.26625x”—4.0417x3+23.443x2—62.l38x+22.953), (5)
where X = log;.E
where E is the incident deuteron energy in eV, and 0 the detrapping
cross section in cm?. Concerning how we have formulated eq. (5)

we will describe later. The form of the peak temperature T, at which



the methane formation rate has a maximum is given by

Q2 (QZ/QI - l) -1
T, g M ————] , (6)
" JO (I—B)UTQ

Erents' model can explain very well the temperature
dependence of methane formation by choosing the fitting parameters
Qy =23.0 keal/mole, Q,= 51.5 kcal/mole and t, = 5.9x107*!s,

Figure 2 shows the methane formation rate at a constant tempera-
ture of 868 K as a function of deuteron beam current on the target. 1In
spite of the fact that the temperature dependence is well explained by
Erents' model, it does not explain the flux dependence of the methane
formation rate since the curve calculated from the model (marked as
p = 0 in Fig.2) passes through the points far from the experimental
data. We have therefore improved Erents' model in the following way as

has been proposed by Yamada and Sone [16].

Let us review the new model briefly. We assume that the sur-
face concentration of the reactive sites of carbon for methane forma-
tion depends on the surface deposited energy, which produces vacancies
and interstitials in the carbon lattice due to elastic collision cas-
cades. This assumption is supported by recent experiments on hydrocarbon
formation in the reaction of atomic hydrogen with pyrolytic graphite
under simultaneous bombardment of atomic hydrogen and energetic ions
[13,15]. An incident deuteron transfers energy to target atoms and
this deposited energy results in the production of vacancies and
interstitials, which can become the reactive sites for methane forma-

tion. The rate of production of the vacancies G may be proportional



to the product of the energy transfer fD(E) and the incident deuteron

flux Jg:
G o JDfD(E) . (7

As described by Damask [17], the time rates of change of vacancy concen-—

trations are given for the two simplest mechanisms of vacancy loss as
= _ 2
dcv/dt G oa\)v)\ Cv (8)
for the limit of vacancies annealing to sinks, and
dc_/dt =G - v, C_C, €]
v 1 v 1

for the limit of recombination of vacancies and interstitials, where Cv’
Ci and o are concentrations of vacancies, interstitials and sinks for

vacancy loss, respectively, vv and vi are jump frequencies of vacancies
and interstitials, respectively, and A is the jump distance. The solu-

tions for the vacancy concentrations in the steady state are

)
L}

G/cx\)v)\2 ; (10)

and
TR (11)

(3]
Il

for the two limits mentioned above. Since it is reasonable to consider
that the real CV exists between the two limits, we assume that the Cv
is proportional to (/WP (1/2 £ p £ 1), where v is the apparent jump
frequency given by v = Vv, exp(—Qa/RT). Therefore if we take the surface

deposited energy into account, the methane formation rate y is given by

= 58J, A'Gpnsexp(-QlRT)

5 Jo (1-B)exp (-Q7/RT)
A" (3, E, /%) , (12)
J,(1-B)o + 17t
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+
where Q1 = Ql - PQ,s S is the methane formation yield per incident D
atom, and A' a new proportionality constant. From eq.(12) we
obtain S:
+
(1-B)exp (-Q, /RT)

5 = A" (T £, /)P — : . (13)
Jy(1=B)g + 1~

By differentiating eq.(12) with respect to T, the peak temperature Tm

is given by

Q. @/ - 1) -
T = E:-[Qn — ] s (14)
n Jo(1-B)o T,

since A'(J fD/\)O)p in eq.(12) is independent of the temperature T. If
we compare eq. (4) with eq.(12), we find that the two following replace-
ments give a same formula: a) A in eq. (4) +— A'(JofD/vD)p in eq.(12),
and b) Q; in eq.(4) +— Qj in eq.(12). The situation is the same for
egs. (6) and (14) between Q, and QT. It should be noted from this that
if the same value of 23.0 kcal/mole is given to both Q, in Erents'
model and QT in the proposed model a common temperature dependence curve
calculated by the two models at a given energy is obtained, since the
fgctors A and A'(JDfD/\)O)p are independent of the temperature T. This
is the reason why we write as "Q,, Qf = 23.0 kcal/mol" in fig. 1.

It is obvious from eq. (12) that if we neglect the term (JofD/Vo)ps
that is, if we give the parameter p zero value, we obtain the same
equation as eq.(4). Instead of p=0, the value of p = 0.6 gives the
best fit to the experimental flux dependence as shown in fig. 2. For
the first four experimental data points from 4.0 UA to 3.4 UA, the
methane formation rate has a much lower value than the cal-
culated curve for p = 0.6. This is probably due to the experimental

procedure since the order of measuring the data points is from high {4 UA)



to low beam current, which could result in the surface damage concentra-
tions not having reached equilibrium. As evidence for this, the value for
the second measurement at a high fluence is higher than the first one at

4 uA. We have also made such measurements for deuteron energies of

1000 eV and 1250 eV, in which similar results to fig.2 were obtained.

From these results we conclude that we have to consider surface damage
concentrations produced by energetic deuteron fombardment.

As the next step we have measured the methane formation rate at dif-
ferent energies from 1500 eV down to 100 eV at a constant temperature of
868 K. By obtaining a value for the normalisation constant A' by fitting
the cross section data obtained previously [18] at 1000 eV, we can deter-
mine from the relative intensities of the CD, signal of the quadrupole
mass spectrometer the detrapping cross section 0 as a function of deuteron
energy. The result is shown in fig.3, which indicétes that very good
agreement between the present data and the previous results is obtained.
except in the low energy region around 100 eV. For convenience of
numerical calculations we have made an empirical formula giving the value
of 0 as a function of E by least square fitting, which results in the
formof eq.(5). The empirical formula can extend to the higher energy
region near 20 keV.

In fig.4 are shown the surface deposited energy fD and the back-
scattering coefficient B used here both as a function of energy. As for
the surface deposited energy fD(E), theoretical results by Weissman and
Sigmund [23] are used. The Monte Carlo results -for fD(E) by Haggmark
and Wilson [24] have also been tried, but this gives poor agreement of
calculated cross sections with the previous experimental data [18]. The
following explanation is possible. Equation (12) is re-formed to give
g by

1

' + y P _ ;
= oAy {A"J, (1-B)exp (-Q, /RT) (J £,/v) v/} . (15)

a

- 8 -



The Monte Carlo result by Haggmark and Wilson gives a recoil energy
density in the outward direction, fDoutward, when we define three dif-
ferent regions for the direction of the recoiling atoms by dividing the
full solid angle into three equal parts, ie the outward, sideward and
inward directions (as Behrisch et al. ha?e done using the MARLOWE code
[25]). However, for the analysis of methane formation we should take the

total

total recoil energy density fD which is equal to fDoutward +

£ Bideward T+ £ 1nward, because all recoils should be responsible for the

D D
formation of reactive sites. Thus it is natural that the results of
Weissman and Sigmund [23] give better agreement than those of Haggmark
and Wilson [24]. The fD in eq.(l5) decreases with decreasing energy E
below 500 eV in the results of Haggmark and Wilson, while it increases
with decreasing E in thgt energy region in the results of Weissman and
Sigmund. The former results in an underestimate in o by nearly 100% with
respect to the previous data of ¢ [18]. For ;his reason we do not take
the.Monte Carlo results for fD(E).
Figure 5 shows the calculated methane formation yield per incident
D atom at the peak temperature 2o given in eq.(6) at different deuteron
fluxes as a function of deuteron energy E. The following results are
obtained from fig.5:
L. There is a pronounced energy dependence in methane
formation yield S per incident D atom. At 900 eV
the value of S has a sharp maximum at any deuteron
flux.
2. The yield at a given energy increases with increasing
deuteron flux.

The conclusion (1) is roughly supported by the results for hydrogen chemi-

cal sputtering [12,16].



Conclusions

The measurements of methane formation rates during deuteron bombard-
ment of carbon (Papyex) have been made as a function of temperature, flux
and energy. The results are summarised as follows.

1 The temperature dependence is well explained by Erents' model

in the temperature range of between 600 K and 1150 K.

2, Erents'_model cannot explain the flux dependence. It is

explained by an alternative model in which the methane forma-

tion rate is assumed to be proportional to the product of the

three‘parameters: the surface concentration of deuterium

atoms, the chemical reaction rate for the formation of methane

and the rate of production of vacancies on the surface by the

deuteron bombardment.

3. The detrapping cross sections as a function of energy have

been calculated using the measured relative intensities of

methane released at different energies and the calculated

result of surface deposited energy by Weissmann and Sigmund.

The model including the detrapping cross sections thus calcula-

ted predicts an energy dependence of methane formation rate

which has a maximum around 900 eV over a range of different

deuteron fluxes.
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Fig.1 Steady state methane release rate from a Papyex carbon surface during bombard-

ment by deuterons at different energies and temperatures. Incident deuteron flux:

Jo =7.95 X 10" D/em?s. Theoretical curves are shown together with experimental data,

where each theoretical maximum coincides withthe corresponding experimental maximum.

For the activation energies Q, , QF and Q,, see text.
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Fig.2 Methane release rate from a Papyex carbon surface during deuteron bombardment
as a function of deuteron beam current. The values of the deuteron beam current (in uA)
are for a 2mm diameter beam spot on the target. Surface temperature: 868 K. Deuteron
energy: 1500eV. Theoretical curves are also given for different values of a damage para-
meter p (see text). They are adjusted to pass through the point (4.0uA, 30.0), which
corresponds to the maximum of the temperature dependence curve, fig.1. The order of
measuring the data points is from high (4uA) to low beam current.
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Fig.3 Detrapping cross section versus deuteron energy. The present empirical formula
has been derived by least square fitting to the present experimental data and the data by
Scherzer et al [19]. Experimental data obtained previously by re-emission measurement
at room temperature [ 18], another empirical formula by Staudenmaier et al [20] and
detrapping of D by proton bombardment measured by Erents [21] are also plotted for

comparison.
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Fig4 Surface deposited energy (dimensionless) predicted from the theory of
Weissman and Sigmund [23], and backscattering coefficient, both as a function
of deuteron energy. The backscattering coefficient curve is composed by
combining the data compiled by Staudenmaier et al [20] (E < 1000eV) and
the data empirically predicted by Tabata et al [22] (E 2 20keV).
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Fig.5 Calculated energy dependence of methane formation yield per incident D atom
at the peak temperature T, at different deuteron fluxes. The relative intensities of the
formation yield are normalised at the point (900eV, 1 X 10" D/cm?s).
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