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In order to investigate the dependence of effective inverse photon-efficiency D/XB values on the plasma
parameters, we have been performed calculations of effective D/XB values by Monte Carlo method. Photon
fluxes are converted into particle fluxes with aid of D/XB values. A D/XB value is critical factor in the study
of chemical erosion by spectroscopic measurement. In modeled tokamak edge plasma, transfer of hydrocarbon
molecules (CH4, C2Hx(x = 2,4,6), C3Hy(y = 4,6,8)) and CH and C2 emissions have been simulated. The plasma
temperature ranged from 1 eV to 100 eV and the plasma densities are 1018 m−3, 1019 m−3 and 1020 m−3. In the
temperature region of less than 3 eV, the calculated D/XB values increase with decreasing temperature due to
decreasing of emission counts. In the high temperature region (≥ 10 eV), the D/XB values increase with a rise in
the temperature due to decrease of number of fragment of type CH and C2.
c© 2010 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: Plasma wall interaction, Chemical erosion, Hydrocarbon, Spectroscopy, Computer simulation

DOI: 10.1585/pfr.5.S2073

1. Introduction
Carbon-based material is one of the most widely used

materials for a divertor plate and wall of magnetically con-
fined fusion devices. In a next-step device, such as ITER,
for steady-state operation, it is very important to estimate
lifetime of carbon plasma-facing components. Chemical
sputtering reduces their lifetime and increases fuel reten-
tion via redeposition. In many recent tokamaks and plasma
simulators, chemical sputtering yields are experimentally
measured by spectroscopic method using inverse photon-
efficiency D/XB [1–6], where D describes the decay rate
coefficient of hydrocarbon molecule into CH or C2 and, X
and B denotes the excitation rate coefficient from ground
state into the electronically excited state and the branching
ratio of the observed transition, respectively. In this calcu-
lation, the coefficient D is determined by not only plasma
parameters but also reflection and redepositon processes
on a wall and particle transport. Therefore, we describe
D/XB as effective D/XB in this study. Photon fluxes are
converted into particle fluxes with aid of effective D/XB
values. For example, methane particle flux ΓCH4 are de-
termined from photon flux of CH emission ICH according
to ΓCH4 = D/XB × ICH [7]. Effective D/XB values are
critical factors in the study of chemical erosion by spectro-
scopic measurements. In this study, effective D/XB val-
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ues of hydrocarbon molecules for CH and C2 emissions
have been calculated by a Monte Carlo simulation. The
hydrocarbon molecules taken into account in this study are
methane (CH4), ethane family (C2H2, C2H4, C2H6) and
propane family (C3H4, C3H6, C3H8). In simple modeled
tokamak divertor plasma region with the constant plasma
temperature and plasma density, hydrocarbon transport are
simulated, and we have investigated plasma temperature
and density dependences of D/XB values.

2. Simulation Model
In this study, effective D/XB values have been calcu-

lated by the Monte Carlo simulation code, which is de-
veloped in the University of Tokushima [8]. The com-
plex dissociation and ionization reactions of hydrocarbon
molecules and the surface reflection process are taken into
account. The reaction processes included in the model
are (a) ionization and dissociative ionization by electron
impact, (b) dissociation by electron impact, (c) dissocia-
tive recombination and (d) charge exchange with hydrogen
(deuterium) ions. The rate coefficients for reactions (a) -
(d) are referred from data set of Janev and Reiter [9, 10].
Reflection coefficients of all of the dissociation products on
the surface are evaluated by a classical molecular dynam-
ics simulation [11]. Hydrocarbon molecule ions, which
are produced by the reaction with ionization process, gy-
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rate due to the Lorentz force and move along the direction
parallel to the magnetic field lines due to a force F‖. The
parallel force F‖ consists of friction and thermal gradient
force. In the simulation, the plasma flow is assumed to be
no reversal flow and thus friction force is directed toward
the divertor plate. The thermal gradient force makes im-
purity ions move to the upstream direction. The friction
force and thermal gradient force increase with increasing
plasma density and with increasing plasma temperature,
respectively.

Figure 1 shows a schematic diagram of the modeled
divertor plasma and simulation volume [8]. The simula-
tion volume has a size of 10× 10× 10 cm−3. The angle
of the magnetic field lines with the toroidal direction is
5 degree and the lines are inclined by 60 degree against
the poloidal direction. The magnetic field strength is 5 T.
The hydrocarbon molecules are released at the center of
the divertor plate with a Maxwellian velocity distribu-
tion corresponding to a temperature of 0.1 eV (1160 K).
The released particle number is 105. The transport of
launched hydrocarbon molecules is calculated until they
leave the simulation volume or redeposit on the divertor
plate. The launched particles reside in the simulation vol-
ume for 1× 10−7 ∼ 5× 10−6 s, typically.

Emission intensities of CH (transition: A2Δ − X2Π,
v = 0 − 0, Gerö band with a band head at 431 nm) and C2

(transition: d3Πg − a3Πu, v = 0 − 0, Swan band with a
band head at 516.5 nm) are calculated in a condition of a
corona equilibrium. Dissociative recombination is one of
important excitation processes to the A state of CH, and the
calculation of the emission intensity require consideration
of this excitation process. But because it is too difficult
to calculate the rate coefficient of this process, excitation
caused by dissociative recombination is not taken into ac-
count in this study. For CH and C2 emissions, exitation rate
coefficients calculated with IPProg code are used [12]. In

Fig. 1 The schematic diagram of the modeled divertor plasma
and simulation volume [8].

many experiments, because the intensities of the CH/CD
band emission are defined as emission integrated over a
few wavelength width from the band head of the transition
(0-0), emissions of transitions (1-1) and (2-2) are also in-
tegrated. But, in this study, we calculate the emission of
transition (0-0) only. The vibrationally resolved excitation
rate coefficients are 1.48 larger than the non-vibrationally
resolved ones [13], and thus calculated emission counts
for CH A-X band are multiplied by factor 1.48. The in-
verse photon-efficiency is obtained by taking the ratio of
the number of the launching hydrocarbon molecules to the
photon emission events of CH or of C2 .

3. Result and Discussion
Figure 2 shows calculated effective D/XB of the CH

emission from CH4 at the plasma densities of 1018, 1019

and 1020 m−3. In the figure, experimental values are also
shown. At all of plasma densities, the effective D/XB val-
ues decrease with increasing temperature up to 3 eV and
then these increase with the temperature caused by de-
crease of number of hydrocarbon fragment of type CH,
which are produced by dissociation processes. A similar
dependence is obtained in the ERO calculation for the CH
emission [14] and steady-state solution of a set of reaction
equations [15]. In the Ref. [14], D/XB values are calcu-
lated in the homogenous plasma with constant temperature
and density. In addition, electrical fields and diffusion and
friction forces are not taken into account. The calculated
effective D/XB values are a few times larger than that of
the ERO calculation. On the other hand, in the Ref. [15],
at plasma density of 1×1020 m−3 and the residence time of
neutral molecules of infinity (τneutrals = ∞), there is a good
agreement with the calculated D/XB values up to 30 eV
in the case of τions = 1 × 10−6 s. In comparison with the
D/XB values observed in different fusion devices, the ef-
fective D/XB values for the temperature over 20 eV are

Fig. 2 Temperature dependence of effective D/XB of the CH
emission from CH4 at the plasma densities of 1018, 1019

and 1020 m−3. Experimental values in different fusion de-
vices are also shown.
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Fig. 3 Temperature dependence of effective D/XB of the CH
emission from (a) C2H2, (b) C2H4 and (c) C2H6 at the
plasma densities of 1018, 1019 and 1020 m−3.

in good agreement with experimentally determined values
(DIII-D [16], JET [6,17], TEXTOR [13]). For the low tem-
perature region less than 20 eV, in the case of plasma den-
sities of 1019 and 1020 m−3, the effective D/XB values are
greater than experimental values by a factor of ∼ 2 [18]. In
the case of plasma density of 1018 m−3, the effective D/XB
values are also greater than experimental values and differ
by one orders of magnitude.

Because the effective D/XB value is obtained by di-
viding the released particle number by photon emission
events, the D/XB value increases with decreasing pho-
ton emission events. In coronal model, emission event
is proportional to the product of the excitation rate co-
efficient and ground state density of CH molecule. In
low temperature region, the calculated D/XB values in-
crease due to decreasing of the photon emission events,
which is caused by decreasing of the excitation rate coeffi-
cient and CH molecule number. In low temperature under
about 6 eV, dominant process contributing to a loss event
of CH4 molecule is charge exchange ionization with hy-
drogen ions. For example, when the temperature is 1 eV,
the rate coefficient of electron impact dissociation DCH4

and of electron impact ionization S CH4 are three and five
orders of magnitude less than that of charge exchange ion-
ization CXCH4, respectively (CXCH4 ∼ 10−9 m3/s, DCH4 ∼

Fig. 4 Temperature dependence of effective D/XB of the C2

emission from (a) C2H2, (b) C2H4 and (c) C2H6 at the
plasma densities of 1018, 1019 and 1020 m−3.

10−12 m3/s, S CH4 ∼ 10−14 m3/s ). The temperature depen-
dence of the rate coefficients holds true for other methane
family fragments of type CHx (x ≤ 3). As a result, num-
ber of the break-up product decreases. The excitation
rate coefficients at 1 eV and 3 eV are 7.4 × 10−16 m3/s and
3.5 × 10−15 m3/s, respectively. At the density of 1018 m−3,
the D/XB values at 1 eV and 3 eV are 198.0 and 43.9, re-
spectively. The ratio of the D/XB values 198/43.9 = 4.5 is
comparable with the reciprocal ratio of the excitation rate
coefficients 3.5 × 10−15/7.4 × 10−16 = 4.7. On the other
hand, at the density of 1019 and 1020 m−3, the ratio of the
D/XB values are 15.1/9.1 = 1.7 and 6.1/8.5 = 0.72, re-
spectively, and emission event do not vary linearly with
the excitation rate coefficient. These results are caused
by increase of additional emission events from reflected
molecules at the divertor plate [11]. The friction force,
which toward the divertor plate, at the plasma density of
1018 m−3 is smaller than these at the plasma density of 1019

and 1020 m−3. Thus, the penetration depth of hydrocar-
bon molecules increase with decreasing plasma density. In
addition, the reflection frequency at the divertor plate in-
crease with increasing plasma density, and so the increas-
ing of the reflection frequency at the divertor causes de-
creae of the D/XB value due to the photon emission from
reflected molecules.
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Fig. 5 Temperature dependence of effective D/XB of the CH
emission from (a) C3H4, (b) C3H6 and (c) C3H8 at the
plasma densities of 1018, 1019 and 1020 m−3.

At the plasma densities of 1018, 1019 and 1020 m−3,
Fig. 3 and Fig. 4 show the calculated effective D/XB val-
ues of the CH emission and C2 emission from C2H2, C2H4

and C2H6, respectively. In the figures, the plasma tempera-
ture dependence and plasma density dependence of the ef-
fective D/XB values are similar to that of the CH emission
from CH4 (see Fig. 2). In the comparison with experimen-
tal values, which are measured in a plasma simulator, from
C2H2 and C2H4 [4], for the effective D/XB values of the
CH emission, a good agreement is obtained between the
experimental values and calculated values at the plasma
temperature of greater than 20 eV, the D/XB values ∼ 200.
For the C2 emission, the calculated values are smaller than
the observation by one orders of magnitude, ∼ 1000 from
the experiment and ∼ 200 from the calculation. In the com-
parison with experimental values measured in a tokamak
device [19], the calculated values of the C2 emission from
C2H4 are in a good agreement with measured values at the
temperature region greater than 20 eV. For the D/XB val-
ues of the C2 emission from C2H6, the experimental values
are a few times greater than calculated values, ∼ 400 - 600
from the experiment and ∼ 200 from the calculation.

At the plasma densities of 1018, 1019 and 1020 m−3,
Fig. 5 and Fig. 6 show the calculated effective D/XB val-
ues of the CH emission and C2 emission from C3H4, C3H6

and C3H8, respectively. In the figures, dependences of

Fig. 6 Temperature dependence of effective D/XB of the C2

emission from (a) C3H4, (b) C3H6 and (c) C3H8 at the
plasma densities of 1018, 1019 and 1020 m−3.

the effective D/XB values of the CH and C2 emissions
from propane family on the plasma temperature and den-
sity are also similar to these from methane and ethane fam-
ily. At the plasma temperature of about 50 eV, the effec-
tive D/XB values of the CH emission and that of the C2

emission reach about 100 and then remain almost constant.
For the effective D/XB values from propane family, it is
important to compare experimental values with calculated
values, and experimental measurement of D/XB values is
necessary.

4. Summary
In the tokamak edge plasma, the transport of hydrocar-

bon molecules is simulated by Monte Carlo method, and
the calculations of the effective D/XB values of the CH
and the C2 emissions from hydrocarbon molecules are per-
formed. The effective D/XB values decrease with increas-
ing the temperature up to 3 eV. Then these increase with the
temperature due to decrease of number of fragment of type
CH and C2, which is caused by increase of number of loss-
event. The increasing of the friction force due to increas-
ing of the plasma density causes the increasing of reflection
frequency. As a result, the D/XB values decreases with the
plasma density. For the D/XB values of the CH emission
from CH4, good agreements with other simulation results
and with experimental results are obtained. For the D/XB
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values from ethane and propane families, detailed compar-
isons with experimental results are necessary and will been
performed in the future work.
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