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Abstract

First mirrors (FMs) are crucial components of optical diagnostic systems in present-day
tokamaks and future fusion reactors. Their lifetimes should be extremely limited due to their
proximity to burning plasma, greatly inﬂuencing the safe operation of corresponding diagnostics.
Repetitive cleaning is expected to provide a solution to the frequent replacement of contaminated
FMs, thus prolonging their lifetimes. Three repetitive cleaning cycles using radio frequency
plasma were applied to stainless steel (SS) FM samples, to evaluate the change of the mirrors’
optical properties and morphology during each cycle. Amorphous carbon ﬁlms were deposited
on mirror surfaces under identical conditions in three cycles. In three cycles with identical
cleaning parameters, the total reﬂectivity was restored at up to 95%. Nevertheless, with
successive cleaning cycles, the FM surfaces gradually appeared to roughen due to damage to the
grain boundaries. Correspondingly, the diffuse reﬂectivity increased from a few percent to 20%
and 27% after the second and third cycles. After optimizing the cleaning parameters of the
second and third cycles, the roughness showed a signiﬁcant decrease, and simultaneously the
increase of diffuse reﬂectivity was remarkably improved.
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1. Introduction

consequence, reducing the reﬂectivity from 50% to 11% at
the wavelength of 750 nm [2]. Although some measures have
been taken to mitigate the deposition of impurities, not all of
them are totally effective [1]. Thus, it is intriguing and
meaningful to establish effective cleaning techniques to
actively remove deposits from FMs. Plasma cleaning is currently considered one of the most promising methods of
cleaning contaminated FMs in order to recover their reﬂectivity [3]. In recent years, various novel cleaning methods
such as direct current [4], radio frequency (RF) [5–7],
inductively coupled plasma [8], capacitively coupled plasma
[8, 9], and electron cyclotron resonance [2] cleaning, have
been widely studied in the hope of restoring the reﬂectivity
and prolonging the lifetime of FMs. However, a key challenge these methods are facing is to maintain a good optical

Being a critical issue for optical diagnostic systems of present-day tokamaks and future reactors, the lifetime of ﬁrst
mirrors (FMs) greatly inﬂuences the performance of their
respective diagnostic systems. The lifetime of FMs proximal
to burning plasma should be extremely short because they are
located in a very harsh environment. Two especially adverse
effects–extensive erosion of charge exchange atoms, and
deposition of impurities eroded from ﬁrst wall materials–
dramatically degrade the reﬂectivity and surface properties of
FMs. Particularly under deposition-dominated conditions,
even thin or transparent ﬁlms can cause serious distortion of
reﬂective spectra [1]. It was found that merely 20 nm of
carbon ﬁlm on the FM surface had a rather serious
1009-0630/17/105601+08$33.00
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Figure 1. XRD pattern (a) and XPS survey spectra (b) of carbon ﬁlm deposited on SS mirror.

property of an FM after repetitive cleaning. It is inevitable
that in situ cleaned mirrors will suffer from recontamination
in the long-term operation of fusion devices. When they
experience the second cleaning, this is called the second
‘contamination-cleaning’ cycle. After a sequence of repetitive
cleaning procedures, some new problems may occur. The
results of the contamination-cleaning cycles are crucially
important, especially the changes of recovery ratio of specular
reﬂectivity and the morphology during repetitive cleaning
procedures, but they have not been reported on so far. In this
paper, three ‘contamination-cleaning’ cycles using radio frequency (RF) plasma were applied to carbon-coated stainless
steel (SS) mirrors to evaluate the evolution of the optical and
morphological properties of the mirrors during each cycle.
Although there are probably no carbon components or
stainless steel mirrors in ITER, the contamination mechanism
of FMs in ITER is similar to that in many present-day tokamak devices [10–15], in which carbon plasma-facing materials and stainless steel mirrors are widely used. The current
studies are conducive to understanding the mechanism of RF
plasma repetitive cleaning, which may be applied in future
fusion devices.

Figure 2. The schematic diagram of the RF plasma generating

device.

Figure 1(a) shows the XRD pattern, demonstrating peaks at
around 2θ = 43.621° (111), 50.811° (002), and 74.706°
(022), which belong to the mirror substrate. However, no
carbon peaks can be detected. The chemical elements of the
coated mirror were measured by XPS (the sampling depth of
XPS is 6–10 nm), showing the presence of carbon, which was
provided in ﬁgure 1(b). In view of the fact that the ﬁlm
includes a carbon element, while no carbon peaks in the XRD
pattern were detected, a conclusion can be drawn that the
obtained carbon ﬁlm is amorphous.
Cleaning tests were performed in the RF plasma generating device, which is schematically shown in ﬁgure 2. The
device was operated at an RF of 13.56 MHz with a magnetic
ﬁeld of 200–400 Gauss. A steady argon glow plasma was
generated in the cleaning regime, with a density of (3–6) ×
1115 m−3 and an electron temperature of less than 10 eV. At
the ﬁrst experimental campaign, explorative cleaning parameters were identical in three cycles. In the light of the
obtained cleaning results, the parameters were optimized at
the second one. The details of cleaning procedures in two
experiments are presented in table 1.

2. Experimental setup
Mirror samples in SS316L with a diameter of 25 mm and a
thickness of 2 mm after being ﬁnely polished were used in the
experiments. Normally, deposits on mirrors exposed in
tokamaks are of an amorphous structure [16], and therefore it
is desirable to form amorphous carbon ﬁlms on the mirror
surfaces via magnetron sputtering. The mirrors used as substrates were mounted at a distance of 5.5 cm from the pure
graphite target with a diameter of 54 mm. The coating process
was performed at an argon gas pressure of 0.16 Pa and a selfbias of negative 200 V for 2 h. The thicknesses of the
obtained carbon ﬁlms in three cycles of the ﬁrst experiment
were 43 nm, 41 nm and 30 nm. In the second experiment, the
thicknesses were 43 nm, 41 nm and 36 nm. The crystalline
structure of the carbon ﬁlm was characterized by XRD.
2
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Table 1. Cleaning procedures of mirrors with different parameters.

Experiment Cycle
1
2

Three
First
Second
Third

Self-bias (V)

Power (W)

−140
−140
−120
−120

40
40
35
35

Cleaning time (min) Pressure (Pa)
20
20
20
15

0.2

Figure 3. The dependency of total reﬂectivity (a), diffuse reﬂectivity (b), specular reﬂectivity (c), and recovery ratio of specular reﬂectivity

(d) of the mirror in three cycles on wavelength in the ﬁrst experimental campaign.

data were ﬁrstly acquired in situ by the ellipsometer and then
analyzed with Complete Ease software, which ﬁrst of all built
in modes and then processed data to determine carbon ﬁlm
properties, including the thickness.

During all the procedures, the optical properties and
morphology of the mirrors were characterized. The evolution
of total and diffuse reﬂectivity was monitored with a UV-visNIR UV 3600-MPC 3100 spectrophotometer of the Shimadzu
Corporation in the wavelength range 300–1200 nm. Field
emission scanning electron microscopy (FE-SEM) was carried out on a ΣIGMA of ZEISS to detect the morphology.
The surface roughness of the mirror was detected by means of
an Innova atomic force microscope (AFM) equipped with
Nanoscope software. In the course of measurements, the
collection, automatic analysis and presentation of data were
performed with the Nanoscope software. The measurement
area of AFM is 5 μm × 5 μm and the accuracy in the Z
direction (height direction) is 0.05 nm. The ellipsometer (J. A.
Woollam Co. Inc., M-2000U) with a wavelength range of
264–1686 nm and an incident angle of 70° was employed to
measure the thicknesses of carbon ﬁlms. The experimental

3. Results and discussions
The total reﬂectivity, diffuse reﬂectivity and recovery ratio of
specular reﬂectivity of the SS mirror over the three cycles of
the ﬁrst experimental campaign are shown in ﬁgure 3. As can
be seen from ﬁgure 3(a), the total reﬂectivity in the three
cycles is recovered at up to 95%, implying the total removal
of carbon ﬁlm from the mirror surface due to there being no
interference effect of carbon ﬁlm [17]. However, the diffuse
reﬂectivity shows different trends, which can be seen in
ﬁgure 3(b). Diffuse reﬂectivity of the mirror is less than a
3
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Figure 4. SEM images of the mirror surface: (a) original; (b) after the ﬁrst cycle; (c) after the second cycle; (d) after the third cycle.
Table 2. The deﬁnitions of the ideal and real recovery ratios of Rspec

the initial one. Their relationship and deﬁnitions are summarized in table 2, where Rspec0 is the specular reﬂectivity of
the pristine mirror and Rspec1,2,3 are the values of the ﬁrst,
second and third cycles. In ﬁgure 3(d), the real recovery ratio
of second cycle reaches only 53% below 800 nm and even the
maximum value is less than 64%, a great deal lower than that
of the ideal value. The recovery ratio for the third cycle shows
a similar dependency on wavelength compared with the
second cycle.
To further understand the intrinsic reasons of the aforementioned evolution of reﬂectivity, the surface morphology
of the cleaned mirror was investigated by a series of SEM
surveys, as shown in ﬁgure 4. The typical SS 316L metallographic structures, including annealing twins and irregular
polygonal crystalline grains [18, 19] can be explicitly seen.
When the carbon ﬁlm is completely removed from the mirror
substrate, the boundaries of the twins and crystalline grains of
the SS substrate suffer from preferential sputtering on account
of their higher sputtering yields. As a consequence, the typical
microstructure of the SS316L mirror emerges. It can also be
clearly seen that the mirror surface becomes rougher and
rougher with successive cleaning cycles. After the second
(ﬁgure 4(c)) and third (ﬁgure 4(d)) cleanings, most of the
sharp boundaries become oblique, since boundaries continued
to be sputtered after the removal of re-coated deposits. Furthermore, the onset of many craters is noticeable. These
craters act as second phases of the SS microstructure, and are
sputtered more easily due to higher Gibbs energy.

in three cycles.
Cycles

Ideal recovery ratio of Rspec

Real recovery ratio of Rspec

First
Second
Third

Rspec1/Rspec0
(Rspec1/R0)2
(Rspec1/R0)3

Rspec1/Rspec0
Rspec2/R0
Rspec3/R0

mere 5% after the ﬁrst cycle. After the second and third
cycles, the diffuse reﬂectivity sharply increases to around
20% and 27%, respectively. For diagnostic systems, the most
signiﬁcant characteristic of an FM is the specular reﬂectivity
(Rsepc = Rtot − Rdiff), determining the intensity of signal
transmission. The results of specular reﬂectivity are given in
ﬁgure 3(c). Owing to the dramatic increase of diffuse reﬂectivity in the second cycle, the resulting rapid drop of specular
reﬂectivity is noticeable, by approximately one-half at
300 nm. The excessively enhanced diffuse reﬂectivity causes
no restoration of specular reﬂectivity for wavelengths higher
than 700 nm. A similar change tendency is also revealed in
the third cleaning. Correspondingly, the recovery ratio of
specular reﬂectivity becomes a decisive parameter in repetitive cleaning. Here the ideal recovery ratio of the ﬁrst cycle is
deﬁned as the ratio of the specular reﬂectivity of the ﬁrst cycle
to the initial value. The ideal recovery ratios for the second
and third cleanings are the square and the cube of the
recovery ratio of the ﬁrst, respectively. As for the real value, it
refers to the ratio of the specular reﬂectivity of every cycle to
4
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Figure 6. The schematic of nucleation on three kinds of surfaces with

varying contact angles. A: plane. B and D: concave. C and E:
convex. (a), (b), (c), (d), and (e) present the atom clusters on
corresponding surface features. θ1, θ2, and θ3 are contact angles of
plane, convex and concave, respectively.

and the valleys and pits shown by AFM ﬁgures, imply that the
mirror surface after excessive sputtering is inclined to take on
a concave proﬁle [20]. Figure 6 shows the nucleation process
on different surface features. B and D in ﬁgure 6 present
concave surfaces with the largest contact angle. Here a contact angle refers to the angle between an atom cluster and
substrate surface. During nucleation, the concave surface
proﬁle has larger thermodynamic barriers than the ideal proﬁle, this being increasingly arduous for the nucleation of
carbon atoms. Due to the larger contact angle, more atoms are
required if the concave surface is to form the critical nucleus
whose radius is the critical radius at this moment. When the
radius of the atom cluster is equal to or larger than the critical
radius, nucleation will exactly occur. Consequently, a thinner
ﬁlm will be formed due to lower nucleation density on a
rougher surface. As mentioned before, regarding the thickness
of the carbon ﬁlms over three cycles, it is evident that the
rougher the surface becomes, the thinner the carbon coating
that is formed. A thinner ﬁlm can be removed more rapidly
under identical cleaning parameters. In addition, the concave
surface leads to weaker adhesion strength between coating
and substrate [20]. However, it is exceedingly arduous to
measure the adhesion strength in the experiment due to
excessively thin ﬁlm coated on the substrate. As aforementioned theory described, the thinnest ﬁlm on the mirror in the
third cycle was removed fastest, and then the mirror substrate
was continuously sputtered for the longest time. The resulting
most coarse surface and highest roughness of the cleaned
mirror validate well the theory.
Considering the rapid increase of surface roughness
under identical cleaning parameters, a dedicated attempt to
optimize the cleaning parameters of the second and third
cycles was made. The self-bias was decreased from negative

Figure 5. 3D views of AFM ﬁgures of the mirror surface: (a) after

the ﬁrst cycle; (b) after the second cycle, and; (c) after the third
cycle.

The presence of craters can probably be attributed to the
excessive sputtering of the mirror surface, which is veriﬁed by
the obtained roughness of all the mirror samples, as presented
in ﬁgure 5. The roughness increases with successive cleaning
cycles. The roughness of the ﬁrst cycle is around 1 nm,
together with a little roughening of the mirror surface. After
the second cycle, the roughness increases to 2 nm due to
occasional pits on the surface. A large number of pits and
valleys are distributed on the mirror surface after the third
cleaning, leading to the highest roughness (9 nm), together
with the highest diffuse reﬂectivity.
Excessive sputtering signiﬁcantly roughens the mirror
surface. The crater and slope structures from the SEM results,
5
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Figure 7. The total reﬂectivity (a), diffuse reﬂectivity (b), specular reﬂectivity (c), and recovery ratio of specular reﬂectivity (d) of the SS
mirror over three cycles in the second experimental campaign.

cycle decreased from 2 nm to 1 nm (ﬁgure 8(a)), and reduced
from 9 nm to 5 nm (ﬁgure 8(b)) in the third cycle.
The attained thickness of ﬁlms in the two sets of
experiments, shown in ﬁgure 10, also clearly agrees with the
previous theory [20]. The ﬁlm formed on a smoother surface
in the third cycle is thicker than that in the ﬁrst experimental
campaign. The subsequent cleaned mirror readily obtained a
lower diffuse reﬂectivity and a higher recovery ratio of
specular reﬂectivity.

140 V to negative 120 V in the second and third cycles, and
cleaning time was reduced from 20 min to 15 min in the third
cycle. Figure 7 provides the evolution of total reﬂectivity,
diffuse reﬂectivity, and the recovery ratio of specular reﬂectivity with wavelength. Compared with the ﬁrst experimental
campaign, the total reﬂectivity in the three cycles present
considerably similar results (in ﬁgure 7(a)), being recovered
at up to 95%. Simultaneously, the enhancement of the diffuse
reﬂectivity is signiﬁcantly improved, as can be seen in
ﬁgure 7(b). The diffuse reﬂectivity is increased to only 11%
after the second cycle and to 20% after the third cycle. With
lower self-bias (−120 V), it is found that the real recovery
ratio of the second cycle is evidently enhanced compared with
that of the ﬁrst experimental campaign. Particularly, the
recovery ratio of the second cycle increases linearly with
increasing wavelength and even reaches the ideal value (83%)
at 1200 nm. This indicates that the optimized cleaning parameters are appropriate and effective. In contrast, the value
after the third cycle was not distinctly improved as expected.
After optimizing the cleaning parameters, compared with
the ﬁrst experimental campaign the surface roughening is
signiﬁcantly improved, as shown in ﬁgure 8. All the roughnesses in the two sets of experiments are presented in ﬁgure 9
for a straightforward comparison of the evolution of surface
roughness. It can be seen that the roughness in the second

4. Conclusions and future work
Three repetitive cleaning cycles using RF argon plasma were
applied to a stainless steel mirror to understand the evolution
of its optical and morphological properties during each cycle.
In three cycles with the same cleaning parameters, the total
reﬂectivity was restored at up to 95%. Nevertheless, with
increasing cleaning cycles, the surface appeared to gradually
roughen owing to damage to the grain boundaries. As a result,
the diffuse reﬂectivity increases to 20% and 27% in the second and third cycles, respectively. This can be explained by
the change of the surface structure, leading to the difference
of thickness and adhesion strength of the carbon ﬁlms. When
the self-bias was decreased from negative 140 V to negative
120 V in the second and third cycles and the cleaning time
6
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Figure 10. The thickness of coatings in all cycles of the two
experiments.

surface roughness of SS mirrors, accordingly degrading the
specular reﬂectivity, and will inevitably have a negative effect
on FM lifetime. Taking into account the unexpectedly rapid
increase of roughness and diffuse reﬂectivity caused by
sputtering when SS is used as the mirror material, priority
should be given to the consideration of single crystalline or
nano-crystalline coating materials (such as Mo or W) with
low sputtering yields as FM material.
On the basis of experimental experiences in the laboratory, the application of the in situ cleaning method to tokamaks and ITER is foreseen. Careful consideration should be
given to the crucial constraint of the restricted geometry and
magnetic ﬁeld in a port plug of ITER. The locally generated
RF plasma cleaning will be done to remove deposits from the
FM surface, in the presence of a strong magnetic ﬁeld. The
magnetic ﬁeld deﬁnitely inﬂuences RF plasma generation and
the interaction between RF plasma and the FM surface. Also,
it is a challenge to integrate an in situ cleaning technique into
one entire optical diagnostic system, considering the geometry limitation of one port plug. Preliminary in situ FM
cleaning experiments have been performed on EAST and will
be reported in the near future.

Figure 8. 3D views of AFM ﬁgures of the mirror surface after
optimizing cleaning parameters: (a) the second cycle; (b) the third
cycle.
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Figure 9. The mirror surface roughness after cleaning in the two sets

of experiments.

was reduced to 15 min in the third cleaning, the diffuse
reﬂectivity decreased to about 11% and 20%, with good
recovery of total reﬂectivity. The attained recovery ratio of
specular reﬂectivity was close to the ideal value after the
second cycle, reaching about 83% at 1200 nm. However, the
roughening of the surface and the increase of diffuse reﬂectivity after the third cycle were not distinctly improved,
despite the optimal cleaning parameters. In conclusion, at
given conditions repetitive cleaning will result in increased
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