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Introduction
For the prediction of the lifetime of plasma-facing components made of graphite in future
fusion devices, a detailed knowledge about the carbon erosion processes and thus the hy-
drocarbon particle fluxes is essential [1]. The extrapolation of data from present devices
by numerical modeling suffers in particular from large uncertainties about the carbon
sources [2]. The formation and release of hydrocarbons is crucial, the quantitative mea-
surement of which is a challenge [3]. Here, we focus on the spectroscopic approach, in
which photon fluxes will be converted into particle fluxes by means of inverse photon
efficiencies [4]. With this method, the chemical erosion yield Ychem, defined as the ratio
of the eroded carbon flux ΓC over the deuterium flux ΓD, has been determined in several
experiments. The results show rather strong variations [5], which might, to a large ex-
tent, be explained by the use of inadequate inverse photon efficiencies. In this paper we
discuss the complexity of the method, in particular based on gas-puff experiments (CD4,
D2) for the determination of inverse photon efficiencies performed at JET and TEXTOR.
Inverse photon efficiencies: S/XB- and D/XB-values
In the case of ionising plasmas, the S/XB-value for species A is the conversion factor
between the particle flux ΓA and the photon flux φA [4]

ΓA =
4π

Bhν
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< σive >

< σeve >
= φA
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XB
;

thereby S stands for ioniSation rate, X for eXcitation rate, B for Branching ratio. In
ananlogy to this we have D/XB-values for molecules where D represents the correspond-
ing Decay rate given by dissociation and ionisation [4]. For an accurate flux determina-
tion it is important that no particles escape from the observation volume and that all
photons from the electronic transition are detected. When a larger spectral range has to
be observed, as it is the case with molecular band emission, it is of particular importance
to assure a complete detection of all photons of an electronic transition. Additionally,
under realistic experimental conditions we have to take into account several complex
phenomena influencing the inverse photon efficiencies.
Experiments in TEXTOR have shown that in the case of the deuterium flux calculation,
the molecular source has to be taken into account. A correction term to the S/XB-value
which depends on surface and plasma conditions and which can be as large as the original
S/XB-value [6] has to be included. However, this correction of the S/XB-value for Dα

is often not included or only empirically taken as a constant. Its variation can be one
reason for uncertainties in Ychem. Moreover, the second contribution to Ychem, the hydro-
carbon flux is much more difficult to deal with and to determine. If we focus on CD4 as
the main source only, than in the visible range only the light emission from the break-up
product CD and not from CD4 can be observed directly by passive spectroscopy
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By knowing the catabolism of the CD4 molecule quantitatively the photon efficiency
based on the CD-light only implicitly includes the release of all CD4. However, in addi-
tion to CD4 also other hydrocarbons CxDy are formed, they may contribute to the CD

light emission when CD radicals appear along their dissociation chain.
Experimental results and discussion – the CD radical
We performed CD4 gas-puff experiments at JET to study the dependence of the result-
ing CD photon flux and finally of the inverse photon efficiency for CD4 on the plasma
parameters and the gas injection location. In several discharges CD4 was introduced into
the divertor at a constant rate of (2 · 1021s−1) through different gas injection modules
(GIM). Here, we concentrate on GIM9, located at the bottom plate of the outer divertor
and toroidally circumferential, to provide a homogenous injection into the private flux
region (fig. 1a). To distinguish between intrinsic and injected particles, we performed
reference discharges with D2 injection through GIM10 (outer divertor, vertical plate)
to achieve similar local plasma conditions. Additionally to the gas-puff, a sweep of the
strike-point from the horizontal target (ht) to the vertical target (vt) plate was made
(fig. 1a). The spectrum of the A 2∆ → X 2Π transition of CD was recorded by means of
a spectrometer system in Czerny-Turner arrangement (f=1 m, dispersion 0.018 nm/pixel,
wavelength coverage 13.5 nm) in a direct view of the outer divertor. A part of the spec-
trum and its simulation are depicted in figure 1b. Due to the overlap of lines from O,
D, and Be with the P-branches of the A-X transition of CD usually only the strongest
part of the spectrum, the spectral region between 429.4 nm and 430.9 nm which covers
mainly the Q-branches of the two strongest vibrational transitions, is used as the stan-

dard signal for CD [8]. But also other CD emission ranges are used, which has to be
taken into account when comparing CD photon fluxes directly. A spectrum simulation
program was developed [7] and the best-fitted spectrum was determined by means of a
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Figure 1: JET: a) Sketch of the JET divertor with the two observation systems marked.
b) Spectra of the A-X transition of CD. c) Evolution of the CD intensity as function of the
major radius during the CD4 gas injection. d) Time evolution of the total CD intensity.
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least-square-fit routine matching the rotational and vibrational population. Simulations
for a variety of plasma parameters have shown that only 30% to 50% of the emission from
the whole electronic transition is included in the standard spectral range [7]. Without
correction for this, the total fluxes would be underestimated. The spectrum simulation
allows to determine the total photon flux φCD of the A-X transition.
Figure 1c shows the spatially and temporally resolved evolution of the CD intensity ICD

for a gas injection case and sweeping of the strike-point. ICD is corrected for the back-
ground signal from intrinsic hydrocarbons. The negative values in the pre-puff phase
(51 s-55 s) can be referred to a small mismatch of Te and thus of the intrinsic CD light.
ICD increases strongly during the CD4 gas-puff phase. An expansion of the emission
volume is observed and a change of the spatial distribution of light emission is observed
with sweeping the strike-point position from ht to vt. This move of the strike-point is
also connected to a change of plasma parameters. Integration of the CD light over all
channels gives the total intensity I tot

CD, the time evolution of which is depicted in fig. 1d.
It shows a strong variation during the strike-point sweep. Surprisingly, even with gas-
puff practically no signal can be detected between 55 s and 57 s, when the strike-point
remains unchanged on the ht plate. During the sweep on the ht plate (57.0 s–58.7 s),
I tot
CD increases strongly and then changes only little during the sweep over the vt plate

(59.5 s–64.0 s). When we assume that all CD photons are emitted within the radial
extension of the observation volume, then I tot

CD is directly proportional to φCD and can
be used to derive a D/XB value. But we have to be aware that the line-of-sight does
not cover the corner region of the divertor, therefore some photons cannot be detected
and the inverse photon efficiencies represent an upper limit. As the gas injection rate
is constant, the resulting D/XB-value decreases as long as the strike point sweeps over
the ht and reaches a constant value of about 100 when laying on the vt plate. The
strike-point position within geometry and plasma parameters are critical points in the
determination of φCD and thus of D/XB values for CD4. The determination of φCD can
be further complicated as is shown with D2 gas-puff experiments in TEXTOR (fig. 2).
A strong overlay of lines of several vibrational bands of the 3D 1Π → 2P 1Σ transition
of D2 with the A-X transition of CD has been observed. The strongest overlap exists
in the standard range of CD and can lead to an overestimation of φCD [7]. This overlap
does not seem to be significant for JET data, though it is still under investigation.
Intrinsic hydrocarbon flux
The determination of ΓCD4

is in the case of intrinsic hydrocarbon sources more com-
plicated. Other hydrocarbons than CD4 may also contribute to the emission of CD

photons after their catabolism. The total photon flux φCD is then given by
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Figure 2: TEXTOR: Strong overlap of D2

and CD lines during a D2 gas blow.
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Figure 3: JET: Strong emission of C2 in the
corner region of the inner divertor.
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φCD = φCD
A 2∆→X 2Π

= φCD4→CD
A 2∆→X 2Π

+ φ
C2Dy→CD

A 2∆→X 2Π
+ ...

and cannot directly be transferred into ΓCD4
. However, the total chemical carbon erosion

is determined by the sum of all hydrocarbon sources. Especially C2Dy particles, which
can be measured by detecting the C2 Swan-band [4], contribute also to the total chemi-
cally eroded carbon particle flux ΓC . Therefore in the intrinsic case, one has to take into
account the contributions from C2Dy to both radicals, C2 (Swan band) and CD (A-X ).

ΓC = ΓCD4
+ 2ΓC2Dy

= φCD4→CD
A 2∆→X 2Π
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Fig. 3 shows an example from the previously described experiments at JET, where the
emission of the C2 Swan-band becomes very strong during the strike-point sweep over
the corner of the inner divertor. In some cases, e.g. at high density plasmas in JET, the
formation of C2Dy can dominate ΓC and thus the chemical erosion [9].
Summary and Conclusion
The spectroscopy of the CD radical is a standard tool in tokamaks for the determination
of chemically released hydrocarbon fluxes and the corresponding erosion yields. However,
the data published so far at the basis of this method show significant inconsistencies.
This is caused to a large extent by incomplete accounting for all relevant effects influ-
encing the inverse photon efficiency. The main effects can be divided into two groups:
a) Uncertainties in the determination of the total CD photon flux of the A-X transition.
Fittings of spectra from the JET divertor have shown that in the CD standard range
only 30% to 50% of the total φCD is measured. Ignoring this may lead to an overesti-
mation of the inverse photon efficiencies of up to a factor of 3.
b) Modification of the inverse photon efficiency due to the presence of various carbon
sources. Because of the indirect conversion, which includes the catabolism of the CD4

molecule, also other hydrocarbons can contribute to φCD after their destruction. This
leads to a geometry/surface dependence and thus to modified D/XB-values.
The understanding of inverse photon efficiencies related to the determination of car-
bon fluxes on tokamaks is progressing. We conclude that for a better interpretation of
spectroscopic data, a common data base for inverse photon efficiencies (D/XB-values)
is needed (and that older data should be revisited). However, the method shows also
certain limitations for a situation with too complex geometries and strongly mixed par-
ticle sources. An improved theoretical modeling of erosion-deposition and radiation for
a given geometry and plasma background is required for an accurate comparison of
experimental data from different tokamaks.
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