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Parametric studies of carbon erosion mitigation dynamics
in beryllium seeded deuterium plasmas
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Abstract

The characteristic time of protective beryllium layer formation on a graphite target, sBe/C, has been investigated as a
function of surface temperature, Ts, ion energy, Ei, ion flux, Ci, and beryllium ion concentration, cBe, in beryllium seeded
deuterium plasma. sBe/C is found to be strongly decreased with increasing Ts in the range of 550–970 K. This is thought to
be associated with the more efficient formation of beryllium carbide (Be2C). By scanning the parameters, a scaling expres-

sion for sBe/C has been derived as sBe=C½s� ¼ 1:0� 10�7c�1:9�0:1
Be E0:9�0:3

i C�0:6�0:3
i expðð4:8� 0:5Þ � 103=T sÞ, where cBe is dimen-

sionless, Ei in eV, Ci in 1022 m�2 s�1 and Ts in K. Should this scaling extend to an ITER scenario, carbon erosion of the
divertor strike point region may be reduced with characteristic time of �6 ms. This is much shorter than the time between
predicted ITER type I ELMs (�1 s), and suggests that protective beryllium layers can be formed in between ELMs, and
mitigate carbon erosion.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mixed-material effects have attracted great inter-
est since ITER will have beryllium, carbon and
tungsten as plasma facing components (PFCs).
Beryllium sputtered from the first wall is expected
to migrate to the divertor region, where the strike
point region is made of carbon material. Tungsten
is used in the baffle region. Since the beryllium con-
centration in the divertor plasma is predicted to be
in the range of 0.01–0.1, interaction of beryllium
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with carbon and tungsten materials may change
the original properties of those materials.

Previous experiments [1,2] on beryllium/carbon
mixed-material effects in the linear divertor plasma
simulator PISCES-B revealed that both chemical
and physical erosion of carbon was mitigated by
beryllium impurities in the plasma. This was identi-
fied by a reduction of CD (A2D � X2P) band
intensity and C I line intensity. X-ray photoelectron
spectroscopy (XPS) analyses of these targets subse-
quent to plasma exposure revealed the formation of
beryllium carbide (Be2C), which is thought to play
an important role in carbon erosion mitigation.
Work on beryllium/tungsten mixed-material effects
.
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has been also performed in PISCES-B, and is
reported in these proceedings [3].

In this paper we extend previous work [2] on car-
bon erosion mitigation in beryllium seeded deute-
rium plasma. In Ref. [2], the dependence of the
protective beryllium layer formation time, sBe/C,
on beryllium ion concentration, cBe, was investi-
gated. Here, we reveal further dependence of sBe/C

on other parameters, such as incident ion energy,
Ei, surface temperature, Ts, and incident ion flux,
Ci. A scaling law for sBe/C is derived from a regres-
sion analysis of the data and this scaling is used to
predict carbon erosion behavior under ITER diver-
tor relevant conditions.
2. Experimental setup

Experiments are performed in the linear divertor
plasma simulator PISCES-B [4], which produces a
high flux (up to 1023 m�2 s�1) steady state plasma.
ATJ graphite targets, 22 mm in diameter and
2.8 mm thick, are exposed to beryllium seeded deu-
terium plasmas. Beryllium impurities are injected
into the plasma column using a high-temperature
effusion cell (Veeco Applied EPI), located at
�150 mm upstream from the target as shown in
Fig. 1. The amount of beryllium impurities can be
controlled by varying the temperature of effusion
cell. The injected beryllium atoms are ionized in
the plasma and transported to the target. The singly
ionized beryllium density, nBe+, in the plasma is
obtained from Be II (k = 467.3 nm) line intensity
measured with an absolutely calibrated spectro-
scopic system. The necessary photon emission coef-
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Fig. 1. Schematic view of the target region in the linear divertor plasma
seeded deuterium plasma.
ficient is taken from the ADAS database [5]. The
electron density, ne, the electron temperature, Te,
and the ion flux, Ci, are measured with a fast scan-
ning double probe system at the same axial position
as the effusion cell. The incident ion energy, Ei, is
controlled by biasing the target with a negative
potential relative to the plasma potential. The sam-
ple temperature is measured with a thermocouple
contacted to the back side of target.
3. Measuring sBe/C

The characteristic time of protective beryllium
layer formation on a graphite sample, in other
words, the carbon erosion mitigation time, sBe/C,
is determined from the decay of CD (A2D � X2P)
band intensity around k �430 nm as shown in
Fig. 2. In Ref. [2], the CD band intensity decay is
found to correlate closely with beryllium layer for-
mation on a graphite sample. At t = 0 s, beryllium
is injected into the plasma by opening the shutter
of the effusion cell. During the exposure, the Dc

intensity is fairly constant, indicating that the
plasma conditions are unchanged. The subtraction
of CD band intensity taken in a region far from
the target (�70 mm upstream) is used to eliminate
the effects of the intensity originating from wall car-
bon erosion [2,6]. From the exponential fit, sBe/C is
derived in this example to be around 83 s.
4. Individual parameter dependence of sBe/C

In Fig. 3, sBe/C is plotted as a function of beryllium
ion concentration in the plasma, cBe = nBe+/ne.
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simulator PISCES-B. A graphite target is exposed to a beryllium
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Fig. 2. Time evolution of Dc, normalized Be I (457.3 nm) and CD
(A2D � X2P) band intensity near the target during a beryllium
seeded deuterium plasma exposure of a graphite target
(cBe � 1.3 · 10�3, Ts � 800 K, Ei � 34 eV, Ci � 3.5 · 1022 m�2

s�1). The CD band intensity taken in a region far from the
target is subtracted from that near the target to eliminate changes
in the CD band intensity originating from wall carbon erosion.
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Fig. 3. Beryllium ion concentration, cBe, dependence of sBe/C at
three different conditions with Ei of �40 eV. Circles: Ci � 1 ·
1022 m�2 s�1, Ts � 690 ± 10 K, Squares: Ci � 3 · 1022 m�2 s�1,
Ts � 600 ± 50 K [2], Diamonds: Ci � 3 · 1022 m�2 s�1,
Ts � 955 ± 20 K. Lines show results of power function fits
(sBe/C = a cb

Be), revealing b � � 2.

Fig. 4. Incident ion energy, Ei, dependence of sBe/C. To
compensate the cBe dependence, sBe/C is calculated at cBe = 10�3

with b = � 2 in the power law, sBe/C = a cb
Be, from measured data.

Fig. 5. Surface temperature, Ts, dependence of sBe/C. Similarly,
sBe/C is derived at cBe = 10�3 with b = � 2 from measured data.
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In this data set, Ei, Ts and Ci are kept constant for
three different plasma regimes. As reported in Ref.
[2], the higher cBe leads to the shorter sBe/C, where a
power function fit, sBe/C = a cb

Be, gives b ��2. The
additional data confirm the cBe dependence of sBe/C
at different Ci and Ts that were not investigated in
Ref. [2].

Fig. 4 shows the dependence of sBe/C on Ei for the
chosen value of cBe = 10�3 by assuming b = � 2 in
the power law, sBe/C = a cb

Be to compensate the cBe

dependence. The dependence on Ts and Ci is not com-
pensated. It is found from Fig. 4 that sBe/C increases
with Ei, at least up to �85 eV. This tendency can be
qualitatively explained by the fact that beryllium
deposited on the graphite target can be more readily
sputtered at higher Ei, thus resulting in a longer sBe/C.
It should be noted that the sputtering yield of



Fig. 6. Comparison of experimental protective beryllium layer
formation time, sexp

Be=C, with the scaling expression in Eq. (1).
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polycrystalline beryllium by deuterium ions has a
maximum at around 200 eV [7], although the sputter-
ing yield of beryllium deposited on graphite material
is not available.

As shown in Fig. 5, where sBe/C is similarly calcu-
lated at cBe = 10�3 with b = � 2 from measured
data, sBe/C is found to strongly depend on Ts. At a
higher Ts of �950 K (1/Ts � 0.001 K�1), sBe/C is
shorter than that at Ts � 600 K (1/Ts � 0.0017 K�1)
by a factor of �20. This observation is qualitatively
consistent with XPS analyses of graphite samples
exposed to beryllium seeded deuterium plasmas at
several different Ts [8]. Namely, the higher Ts leads
to increased reaction of the beryllium and carbon,
resulting in full surface carbidisation with Be2C.

An Arrhenius exponential function is used to fit
the surface temperature dependent data since a
surface reaction rate, K, is generally described by
an exponent of a ratio of the enthalpy of formation,
DH298, to Ts. The enthalpy of formation of Be2C,
DH298(Be2C), is reported as �117.0 ± 1.0 kJ/mol
[9], giving the Be2C formation time as, sBe2C /
1=KBe2C / expð1:4e4=T sÞ. The numerator in the
exponential function is around 3 times larger than
that in the protective beryllium layer formation
time, sBe/C / exp(4.6e3/Ts), derived from the exper-
iments, meaning that sBe/C has a weaker Ts depen-
dence than sBe2C. This implies the following:

• Pure beryllium layers on Be2C also contributes to
the carbon erosion reduction especially at lower
Ts. Actually, XPS analyses show coexistence of
elemental beryllium and Be2C at lower Ts [8].
And/or

• DH298(Be2C) may be lower in the plasma-mate-
rial interaction environment than the equilibrium
value reported in the literature.

Ashida et al. [10] performed an experiment, where
a carbon film was deposited on a beryllium plate by
rf discharge of C2H4, subsequently the sample was
heated up at given temperatures. An Arrhenius plot
of the Be2C(111) peak intensity measured with
X-ray diffractometry (XRD) gives a value of around
5000 K for the numerator in the exponential func-
tion, which is interestingly very close to our value.

5. Scaling expression for sBe/C and extrapolation

to ITER condition

Given the experimentally determined parametric
forms, a regression analysis was performed with
the parameters, cBe, Ei, Ts and Ci to obtain a scaling
law for sBe/C. In Fig. 6 the experimentally derived
sBe/C is compared with the scaling expression

sscale
Be=C½s� ¼ 1:0� 10�7c�1:9�0:1

Be E0:9�0:3
i C�0:6�0:3

i

� expðð4:8� 0:5Þ � 103=T sÞ; ð1Þ

where cBe = nBe+/ne is dimensionless, Ei in eV, Ci in
1022 m�2 s�1 and Ts in K. Each parameter scan
range is shown in the figure. The experimental val-
ues are found to agree well with the scaling law.
Note that the exponent of each parameter is slightly
different from that shown in the previous section
since in the individual parameter scan (Figs. 3–5)
the dependence on other parameters are not pre-
cisely taken into account while the cBe dependence
is compensated by using b = �2.

It is found from the scaling law that sBe/C has a
negative power law dependence on Ci, i.e. higher
Ci leads to quicker beryllium layer formation. This
is because the redeposited fraction of sputtered
beryllium atoms is increased due to the higher ioni-
zation rate of sputtered beryllium atoms at higher
Ci.

Although some of typical values for the parame-
ters expected in the ITER divertor carbon targets
are outside our scanned ranges, the scaling law
can be used to predict the protective beryllium layer
formation time in the ITER situation. With
cBe = 0.05, Ei = 20 eV, Ts = 1200 K and Ci =
1023 m�2 s�1 [11], the scaling expression gives
sBe/C � 6 ms, which is much shorter than a
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predicted ITER type I ELM period, i.e. the inverse
of ELM frequency, of �1 s [12]. This suggests that
protective beryllium layers on carbon targets can
be formed in between ELMs, thereby reducing the
carbon erosion during the period between ELMs.

6. Conclusion

We have derived a scaling expression for the
characteristic formation time of protective beryl-
lium layer on a graphite sample from parametric
scan experiments in beryllium seeded deuterium
plasmas of the PISCES-B linear divertor simulator.
The scaling expression is in good agreement with the
experimentally derived beryllium layer formation
time. The predicted formation time in a typical
ITER divertor condition is found to be much
shorter than the inverse of expected ITER type I
ELM frequency of �1 Hz. This result is favorable
for mitigating carbon erosion. We plan to extend
the experimental parameter ranges to increase confi-
dence in the scaling law.
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