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Metallic mirrors will be essential components of the optical diagnostic systems in the International
Thermonuclear Experimental Reactor (ITER). Reliability of these systems may be affected by
mirror reflectivity changes induced by erosion and/or deposition of impurities (carbon, beryllium).
The present study aims to assess the effect of beryllium (Be) deposition on the reflectivity of
metallic mirrors and to collect data on the optical quality of these layers in terms of morphology,
roughness, etc. Mirrors from molybdenum and copper were exposed in the PISCES-B linear plasma
device to collect eroded material from graphite and beryllium targets exposed to beryllium-seeded
deuterium plasma. After exposure, relative reflectivity of the mirrors was measured and different
surface analysis techniques were used to investigate the properties of the deposited layers. Be layers
formed in PISCES-B exhibit high levels of porosity which makes the reflectivity of the Be layers
much lower than the reflectivity of pure Be. It is found that if Be deposition occurs on ITER first
mirrors, the reflectivity of the coated mirrors will strongly depend on the layer morphology, which

in turn depends on the deposition conditions. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2798389]

I. INTRODUCTION

Plasma diagnostic systems will be necessary tools for the
future success of the International Thermonuclear Experi-
mental Reactor (ITER) both to better understand the physics
involved in magnetically confined burning plasmas1 and for
the protection of the device in case of disruptions or any
other unforeseen adverse operating scenarios. Contrary to to-
day’s tokamaks, the high radiation levels and neutron fluxes
expected in ITER prevent the direct observation of the
plasma through optical windows or fibers, which are subject
to radiation-enhanced effects such as luminescence and ab-
sorbance. Therefore, it has been proposed that the plasma
light/radiation will be transmitted by metallic mirrors (called
first mirrors) to diagnostics via a labyrinth embedded in the
shielding material.”

Due to its proximity to the hot confined plasma, the first
mirror surface is expected to suffer from erosion by charge-
exchange neutrals and/or redeposition of impurities that are
eroded from the plasma-facing components.S’4 Experiments
aimed at studying the deterioration of the mirror reflectivity
induced by these damaging effects have been initiated both
in the laboratorysf7 and in tokamaks.*'® In these experi-
ments, only the effect of carbon deposition on the mirror
surface was considered and was found to lead to a significant
decrease of the mirror reflectivity even for very thin depos-
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ited layers (around 10 nm).3 However, not only carbon, but
also beryllium deposition, may be expected on ITER first
mirrors.

Because of the combination of materials to be used in
ITER and the choice of beryllium as a first wall material in
the main chamber, the scrape-off layer plasma flow in the
divertor may contain a significant fraction of beryllium.11
Experiments in the PISCES-B divertor-plasma simulator
have shown that even with a very low fraction of beryllium
ions in the plasma (=0.1%), at plasma parameters relevant to
ITER, a graphite target becomes coated with a beryllium
layer that reduces its erosion by the plasma.lz’13 In turn, Be
re-erodes and leads to the formation of Be-rich layers in
line-of-sight locations from the target. Unlike carbon which
can migrate and be deposited in plasma-shaded areas, long-
range migration is not expected for beryllium. Thus, the
study of the impact of beryllium deposition on first mirror
reflectivity is of considerable interest and is especially vital
to supplement the lack of such data. With the exception of
the first mirror test initiated at JET,14 where the carbon first
wall is regularly coated with beryllium, no experimental data
are currently available on this topic. The present study aims
at assessing the effect of Be layers formed in PISCES-B on
the reflectivity of metallic mirrors and collecting data on the
optical quality of these layers in terms of their resultant mor-
phology, roughness, etc.

Il. EXPERIMENTAL

PISCES-B is a linear plasma device. The plasma can be
operated continuously in steady-state conditions and is gen-

© 2007 American Institute of Physics
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FIG. 1. (Color online) Arrangement used to collect deposited/codeposited
material during exposure of metallic mirrors in PISCES-B.

erated by an arc discharge initiated with a heated LaBg cath-
ode. The anode and axial magnetic field define cylindrical
plasma with a diameter of about 50 mm and axial length
greater than 1 m. The machine is installed in an airtight
enclosure to allow safe operations with beryllium.l5

Figure 1 schematically shows the experimental arrange-
ment used, which is described in more details elsewhere. "
Graphite, or beryllium, targets are exposed to a high-flux
deuterium plasma (~3 X 10%? ions m™2 s~!). A Be impurity
flux in the plasma is generated through the use of an evapo-
rative atomic beam source (Veeco/Applied EPI molecular
beam source). The emerging atom beam is oriented in such a
way16 that the beam travels perpendicular to the magnetic
axis of the machine. The plasma parameters used here (n,
~2-3%10"® m™ and 7,=6-10 eV) are sufficient to ion-
ize the injected Be atoms once they enter the plasma. The
beryllium ions thus created are entrained by the plasma flow
toward the target. The concentration of beryllium ions in the
plasma is controlled by varying the temperature of the
evaporator oven and is measured spectroscopically using the
method described in Ref. 17.

A negative bias of —50 V is applied to the target to
control the impinging ion energy. In the case of graphite
targets, the target temperature was about 700 °C to simulate
the working temperature of ITER strike points. When a be-
ryllium target was used, its temperature was maintained at
about 30 °C by water cooling.

Mirrors made of either molybdenum or copper were
used for the experiments. The initial roughness of the
samples was in the range 15-20 nm for Mo and 10-15 nm
for Cu. The mirrors were installed on a movable witness
plate manipulator (Fig. 1) to collect eroded material during
the targets exposure to the plasma. The mirrors were shielded
from cross-field plasma transport so that only particle fluxes
from sputter-erosion and reflection from the target contribute
to deposition. The witness plate can be independently heated
and is fully retractable into a vacuum interlock chamber to
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FIG. 2. (Color online) Evolution of the mirror temperature during plasma
exposure, for heated and nonheated mirrors. The increase in the mirror tem-
perature with time is due to the surface heating by the plasma.

allow sample replacement. During exposure to the plasma,
the witness plate temperature increases by about 100 °C h™!,
for a sample initially at room temperature, due to heating by
the plasma radiation. Experiments were made with two dif-
ferent initial temperatures: 20 and 240 °C. Evolution of the
temperature is followed by a thermocouple installed at the
backside of the mirror. Figure 2 shows the evolution of a Mo
mirror temperature during a typical exposure. For a non-
heated mirror the temperature varies between 25 and
150 °C, while it varies between 260 and 310 °C for a heated
mirror.

An important issue with mirrors is the evaluation of their
optical reflectivity. In the present case, the presence of beryl-
lium on mirrors necessitated a simple reflectance measure-
ment compatible with beryllium handling. A schematic draw-
ing of this setup is shown in Fig. 3. After exposure, each
mirror is removed from the machine and installed on a
sample holder located inside the PISCES-B beryllium enclo-
sure, the mirror surface is parallel to the enclosure window.
Outside the enclosure, a calibrated white light source (Op-
tronics spectral radiance lamp) illuminates the sample with
an incidence angle of about 10°. The reflected light is col-
lected by a lens, and guided by an optical fiber to a spec-
trometer equipped with a linear charge coupled device array
(Ocean Optics USB4000). Measurements are done in the
wavelength range 400-1000 nm. To avoid the necessity of

Mirror

Enclosure |

window // \\
Optical fiber with

focusing lens

Calibrated white light
source

Spectrometer with
linear CCD array

FIG. 3. (Color online) Schematic drawing of the setup used for reflectivity
measurements on mirrors exposed in PISCES-B.
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TABLE I. Experimental conditions for the mirror exposures made in
PISCES-B. The indicated film thicknesses were determined by NRA mea-
surements. cp. is the beryllium ion fraction in the plasma and R, is the
arithmetic surface roughness measured with a profilometer.

Mirror ~ Temperature  cg.  Film thickness  Deposition rate R,

a

O % m) (ms™)  (m)
w 250-300 0.15 90 0.025 40.6
Cu 250-310 0.05 75 0.02 16
Cu 250-310 0.1 55 0.015 14.3
Cu 250-310 0.03 15 0.004 19.6
Cu RT-150 0.09 41 0.011 21.9
Cu RT-150 0.05 41 0.011 11.3
Mo 250-310 0.05 3.5 8.3x10™ 11.3
Mo 250-310 0.05 5 0.001 17.9
Mo 250-310 0.05 55 0.015 7.6

using a calibrated sample for the determination of the abso-
lute reflectance, the relative reflectivity of the exposed mir-
rors was measured. This is defined by

1 exposed
Rrel = ( 1 )

reference,

where Ioyposeq 18 the intensity measured at a given wave-
length, when an exposed mirror is placed on the sample
holder, and [ ference 1 the same measurement done with a
nonexposed mirror made from the same material. To comple-
ment these data, surface analysis on the exposed mirrors
were made in IPP Garching by sputter-depth profiling x-ray
photoelectron spectroscopy (XPS) to determine the deposited
film composition, and nuclear reaction analysis (NRA) to
determine the layer thickness. Surface morphology of the
samples was studied by means of a JEOL-JSM 6830 scan-
ning electron microscope (SEM), while arithmetic surface
roughness (R,) was measured with a Dektak IIA stylus pro-
filometer. The scan length was 200 wm and five scans were
made at different locations on the sample surface. The arith-
metic roughness is defined as the arithmetic average of the
absolute values of the measure profile height deviations
taken within the sampling length and measured from the
graphical center line.

lll. RESULTS
A. Layer thickness and composition

The typical plasma exposure time used in this study was
1 h. Table I summarizes the experimental conditions used for
the mirror exposures, as well as the film thickness and rough-
ness measured on the mirrors after exposure. After exposure,
all samples were found to be coated with a dark Be film of
thickness ranging from 15-90 nm, depending on the expo-
sure conditions. According to XPS sputter-depth profiles, the
deposited layers consist mainly of beryllium with some
amount of oxygen (about 10%) and carbon concentrations of
less than 3%. This is consistent with the results described in
Ref. 13, where a small Be fraction in the plasma (between
0.03% and 0.15% in the present case) leads to the formation
of Be-rich codeposited films in line-of-sight locations from
the graphite target. The deposited layers exhibit a low rough-
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ness and the formation of the beryllium layer does not lead to
a significant change of the mirror roughness as expected
given the relatively small film thicknesses studied here.
Moreover, the substrate temperature during the exposure
does not seem to influence the roughness of the deposited
film. For the experimental conditions described in this paper,
the deposition rate of beryllium on the mirrors was found to
be in the range 0.001-0.025 nm s~!. It should be noted that
the deposition rate was found to be independent of the mirror
temperature as expected given that the melting temperature
of beryllium is 1270 °C. Contrary to what is observed for
carbon, for which an increase of the surface temperature de-
creases the deposition rate on the mirror by enhancing the
chemical erosion of carbon by deuterium'® from the coated
mirror surface, no such effect should be expected in the case
of Be deposition.

B. Influence of beryllium deposition on mirror
reflectivity

For all the experimental conditions investigated here, the
mirrors did not exhibit the shiny gray appearance that is
typical for a bulk beryllium polished sample. Instead, the Be
films appear dark but at the same time rather reflective (an
image is still reflected by the surface). The aspect of the layer
changes when the sample is rotated from normal incidence,
which is usually an indication for a highly oriented surface
morphology.

Figure 4 shows relative reflectivities measured on both
the molybdenum and copper mirrors after exposure. In both
cases, the mirrors were heated during the exposure. For the
molybdenum mirrors [Fig. 4(a)], the thicker the Be layer, the
lower the reflectivity. A 3.5 nm thick film does not signifi-
cantly affect the reflectivity (Be and Mo have close reflec-
tivity values in the wavelength range of interest'?), a reflec-
tivity drop of about 30% at A=400 nm is measured for a 5
nm Be film, while the relative reflectivity falls to 30% at N\
=400 nm for a 60 nm film.

For the case of the copper mirrors [Fig. 4(b)], a different
behavior is observed. Contrary to what is observed for the
molybdenum samples, an increase of the reflectivity is mea-
sured for the sample with 15 nm of Be. The layer in this case
appears to be highly reflective and has a light gray color.
Indications of diffusion of Be into the Cu bulk have been
given by Rutherford backscattering spectroscopy measure-
ments performed on the samples.

Previous studies”?' showed that already at 300 °C, dif-
fusion of Be into Cu may be expected, as well as formation
of BeCu, or Be,Cu, alloys. The enhancement of the reflec-
tivity shown in Fig. 4(b), as well as the peculiar aspect of the
associated layer may, therefore, be attributed to the formation
of a copper-beryllium alloy on the surface, the stoichiometry
of the alloy was not investigated, however.

For the other two samples (with 55 and 75 nm thick
films), though diffusion of Be into Cu was also evidenced at
the film-substrate interface, the layers have the same appear-
ance as those described for the molybdenum mirrors. Corre-
spondingly, a significant decrease of the mirror reflectivity
due to Be deposition is measured. Moreover, the reflectivity
of these two samples is significantly lower than the reflectiv-
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FIG. 4. (Color online) Relative reflectivity of Be deposits on (a) molybde-
num and (b) copper mirrors. Mirrors were heated to 300 °C during the
exposure. For both graphs the black line corresponds to the relative reflec-
tivity of Be and Mo or Be and Cu taken from Ref. 19 and corresponds to the
reflectivity which should be measured if the mirror consisted of a perfectly
smooth Be layer deposited on the respective polished substrates. The dashed
line at 100% indicates the reference level (corresponding to a nonexposed
sample).

ity of pure beryllium. In this case, however, and contrary to
what was described for molybdenum, the thickest film (75
nm) does not exhibit the lowest reflectivity.

From these results one can already conclude that the
reflectivity of the Be layers formed in PISCES-B is much
lower than the values expected for a pure Be surface, despite
the low level of impurities found in the film.

C. Morphology of the Be layers

As mentioned, the impurity content in the layers cannot
account for the drastic changes of the reflectivity induced by
beryllium deposition on the mirrors. From Table I, we can
also infer that the reflectivity losses are not caused by an
increase of the surface roughness after exposure. To shed
some light on the reflectivity measurements, the morphology
of the samples was investigated using SEM. Figure 5 shows
the SEM images obtained at two different magnifications on
copper and tungsten mirrors, exposed at 240 °C. Pictures
with the lower magnifications reveal quite different features.
The surface of the copper mirror [Fig. 5(a)] appears rela-
tively smooth, which is confirmed by the roughness deter-
mined with the profilometer (~16 nm). One should, how-
ever, mention that even at this magnification, some
morphology can be distinguished on the surface. On the con-
trary, lots of protuberances can be observed on the surface of

J. Appl. Phys. 102, 083302 (2007)

FIG. 5. SEM pictures of Be layers deposited on copper [(a) and (b)] and
tungsten [(c) and (d)]. Film thicknesses are 75 and 90 nm, respectively. For
each case two different magnifications are shown.

the tungsten sample [Fig. 5(c)]. This observation is in good
agreement with the higher roughness (~41 nm) measured
for the tungsten sample after exposure. Pictures taken at
higher magnification reveal a high layer porosity on both
samples. The layers appear to be made of small-size crystal-
lites separated by voids. Although estimations of the depth
distribution of the porosity throughout the layer is difficult
from the SEM pictures, it seems nevertheless that the distri-
bution is homogeneous and the porosity is not only present
on the top surface of the film but also in the bulk of the layer.

Similar observations are made for samples exposed at
lower temperature (at room temperature at the beginning of
the exposure). Layers observed on both substrates have the
same structure, although the crystallite size appears slightly
higher in the case of tungsten. Such structures are quite simi-
lar to the “spongelike” structure described in Refs. 22 and
23, which refers to a polycrystal with continuous open po-
rosity, but without the definitive columnar features character-
istic of the classic structure zone models.

IV. DISCUSSION

A. Influence of the film porosity on the optical
properties

Considering the SEM pictures described before, and the
facts that no significant increase of the roughness is observed
after beryllium deposition and that the impurity content in
the Be films is relatively low, suggests that the low reflectiv-
ity values measured on the exposed samples are caused by
the high porosity of the layers. Moreover, preparation of po-
rous Be coatings was reported in Ref. 24. In that study, the
porosity was found to strongly decrease the coating reflec-
tivity. It is commonly acknowledged that the optical proper-
ties of a porous material can be described using an effective
medium approximation, in which the heterogeneous material
is treated as a homogeneous material with effective optical
properties.zs’26

Although different approaches exist with their own va-
lidity domain and approximations, it was chosen here to use
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the Bruggeman effective approximation.27 Bruggeman’s
theory is based on the assumption of polydispersed spheres
distributed in a continuous medium. In the present case, we
consider the porous film to consist in a mixture of beryllium
and air. For the calculation of the effective dielectric func-
tion, €, of the inhomogeneous medium the Bruggeman
theory offers the following equation:

Eeff

fgdL_i_(l —f)ﬂ=0, (2)

air T 2Eeff gBe + 2geff

where €., €, and €g. are the dielectric constants of the
porous film, air, and beryllium, respectively. Optical proper-
ties of beryllium and air are taken from Ref. 19. f is the
porosity of the film and can be defined as the volumetric
fraction of air in the film

air volume air volume

" film volume air volume+ Be volume' ®)

The dielectric constant is a complex function and can be
written as €=¢€,+i¢, . For different values of f, ranging from
0% to 100%, the effective dielectric constant of a 75 nm
thick Be film deposited on copper was calculated. The fol-
lowing equations were then used to determine the effective
optical constants of the film:

n2—k2=61,

€
2nk=—=, (4)
\E

where n and k are the refractive and absorption index, re-
spectively.

The reflectivity of the effective medium at normal inci-
dence was then recalculated, roughness of both the film and
the substrate being neglected. Figure 6(a) shows the evolu-
tion of the optical properties of the film at A=632 nm. As
expected, optical constants of the film decrease with increas-
ing film porosity and tend to the optical constants of air. As a
result the reflectivity of the film decreases for increasing po-
rosity [Fig. 6(b)]. A porosity of 50% decreases the reflectiv-
ity of a Be layer to about 30% in the wavelength range
350-1200 nm. It should be noted that the effect of the po-
rosity on the reflectivity is slightly less pronounced for wave-
lengths higher than 1400 nm.

Figure 7 shows the relative reflectivity of a Be layer (i.e.,
the reflectivity of the system Be+Cu divided by the reflec-
tivity of Cu) deposited on a copper substrate for different
values of the film porosity. As just mentioned, the porosity
decreases the relative reflectivity of the layer. Also plotted in
Fig. 7 is the relative reflectivity of a Cu mirror exposed in
PISCES-B and coated with a 75 nm thick Be layer, whose
morphology is shown in Figs. 5(a) and 5(b). Evidently, the
shape of the experimental reflectivity spectrum is very close
to those simulated from the effective medium approximation.
This suggests that the relatively high porosity of the layers
formed in PISCES-B is the reason for the low reflectivity
values measured experimentally. Moreover, the experimental
reflectivity spectrum lies between the simulated spectra ob-
tained for f=40% and f=50%, giving a rough estimate of the

J. Appl. Phys. 102, 083302 (2007)
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FIG. 6. (Color online) (a) Optical constants (n,k) at 632 nm of the effective
medium (air+beryllium) used to describe a porous Be film deposited on a
Cu substrate (film thickness 75 nm) as a function of the film porosity (using
the Bruggeman effective approximation) and (b) reflectivity at normal inci-
dence of the effective medium in the wavelength range 350-2000 nm for
different values of the film porosity.
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FIG. 7. (Color online) Calculated relative reflectivity of a Be layer deposited
on a copper substrate for different values of the film porosity. Also plotted
(gray line with star markers) is the experimentally measured relative reflec-
tivity of a copper mirror exposed in PISCES-B and coated with a 75 nm
thick Be layer.
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083302-6 De Temmerman et al.

porosity of the Be film deposited in PISCES-B. Based on
observation of Fig. 5(b), it seems that this estimation is rea-
sonable.

B. Formation of porous layers and implications for
ITER

Formation mechanisms of thin films in vacuum deposi-
tion techniques, magnetron sputtering for example, have
been widely studied. Though PISCES-B has been designed
to study plasma-surface interactions, the way in which Be
films are formed on the witness plate is quite similar to what
happens in a magnetron sputtering system. Indeed, in both
cases, material from a negatively biased target is eroded by
the plasma ions and redeposited on the witness plate. We
may, therefore, make use of the extensive literature describ-
ing film formation by physical vapor deposition (PVD),
keeping in mind that in our case deuterium is used as a
working gas (instead of noble gases like argon in PVD tech-
niques).

The structure of a vacuum-deposited film depends on the
substrate temperature, the working gas pressure, and the in-
cident particle fluxes.”® Effects of pressure and temperature
on the film morphology are qualitatively explained by the
structure zone model described in Ref. 29. To describe the
effect of the temperature, it is common to use the ratio 7/7,,
of the temperature during deposition to the melting tempera-
ture of the deposited material (beryllium here). For values of
T/T,=0.3 (which is the case in the experiments described
here), the film porosity is found to increase for increasing
values of the working gas plressure.28 This is explained by the
reduction in surface mobility of the deposited atoms caused
by the higher density of working gas atoms on the surface at
higher pressures.30 In the case of the beryllium layers formed
in PISCES-B, a significant level of porosity is measured for
neutral pressures of 0.5-0.8 Pa during deposition, while the
ratio T7/T,, of the temperature during deposition to the melt-
ing temperature of beryllium remains lower than 0.25. Thus,
keeping the same temperature, but decreasing the pressure
during deposition should lower the level of porosity, while
increasing it should produce more porous layers.

Although Be deposition will modify the mirror reflectiv-
ity in ITER, the actual reflectivity of the coated mirrors will
depend on the layer morphology. Of particular importance
seems to be the layer porosity, which makes the reflectivity
of the Be layers formed in PISCES-B much lower than the
reflectivity of pure Be. In ITER, mirrors will be installed at
several locations in the main chamber (recessed behind the
first wall) and in the divertor region. Estimations of the neu-
tral pressure in ITER rely on numerical models and/or scal-
ing laws. According to these calculations the pressure in the
ITER divertor may reach 10 Pa.'?! No such data exist for the
neutral pressure in the main chamber, but one can consider
that the neutral pressure in the main chamber will be linked
to the local charge-exchange neutral outflux, which is itself
linked to the local density and divertor leakage.32 The
charge-exchange outfluxes and energy distribution in ITER
may be quite close to those in JET,” where the typical up-
stream midplane pressure for a high density L-mode dis-
charge is in the range 0.05 Pa.** From these estimations, one
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sees that the pressure in the ITER divertor will be higher
thanin PISCES-B and if Be deposition occurs on the mirrors
located in the divertor, a high level of porosity may be ex-
pected. On the contrary, lower pressure in the main chamber
may lead to the formation of more dense layers, which in
turn may lead to layers whose reflectivity may be expected to
be closer to that of beryllium.

V. CONCLUSION

The formation of beryllium layers on mirrors exposed in
PISCES-B was found to strongly affect the mirror reflectiv-
ity. The most striking feature was that the reflectivity of the
Be layers are much lower than what was expected for a pure
Be sample, despite the relatively low levels of impurities.
Investigations of the layer morphology revealed a high level
of porosity. Calculations using the Bruggemann effective
medium approximations confirmed that the relatively high
porosity of the layers is the reason for the low reflectivity
values measured experimentally.

If Be deposition occurs on ITER first mirrors, the mirror
reflectivity will depend strongly on the morphology of the
deposited layer which, in turn, is linked to the deposition
conditions (temperature, neutral pressure) at the mirror loca-
tion. Extrapolations from the present results to the ITER con-
ditions indicate that Be layers formed in the divertor region
may exhibit significant levels of porosity because of the high
neutral pressure in this region. On the other hand, the lower
pressure expected in the main chamber may lead to the for-
mation of more dense layers, whose reflectivity is expected
to be closer to the theoretical value of beryllium.
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