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Metallic mirrors will be used in ITER for optical diagnostics working in different spectral ranges.
Their optical properties will change with time due to erosion, deposition, and particle implantation.
First tests of molybdenum mirrors were performed in the DIII-D divertor under
deposition-dominated conditions. Two sets of mirrors recessed 2 cm below the divertor floor in the
private flux region were exposed to a series of identical, lower-single-null, ELMing �featuring edge
localized modes� H-mode discharges with detached plasma conditions in both divertor legs. The first
set of mirrors was exposed at ambient temperature, while the second set was preheated to
temperatures between 140 and 80 °C. During the exposures mirrors in both sets were additionally
heated by radiation from the plasma. The nonheated mirrors exhibited net carbon deposition at a rate
of up to 3.7 nm/s and suffered a significant drop in reflectivity. Net carbon deposition rate on the
preheated mirrors was a factor of 30–100 lower and their optical reflectivity in the wave range above
500 nm was essentially preserved. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2336465�

I. INTRODUCTION

Optical diagnostics in ITER will rely on plasma facing
mirrors to view the plasma.1,2 These so-called first mirrors
�FMs� will be used over a wide wavelength range,
from �5 nm up to �100 �m,2 and will have to maintain
good optical performance over prolonged time scales. FMs
will be subject to intense irradiation in gamma, x-ray and
ultraviolet ranges, neutron damage, and bombardment by
charge exchange atoms; they may also suffer from deposition
of surface contaminants and dust, particularly in the divertor
region where the neutral densities and local dust production
rates are high.2 The current ITER divertor design incorpo-
rates carbon fiber composite tiles at the divertor targets.3 Car-
bon will be sputtered from the targets by physical and chemi-
cal erosions, then redeposited on the plasma facing
components �PFCs�,4 possibly including FM surfaces. Car-
bon film growth on FMs is a serious concern, since even thin
films ��30 nm� can dramatically reduce a mirror’s reflectiv-
ity in the wavelength range below 700 nm.5 Dedicated ex-
periments in tokamak divertors are needed to determine the
deposition rates in present day machines and models need to

be developed to extrapolate the results to plasma conditions
expected in ITER. Deposition mitigation and mirror cleaning
techniques have to be established. Here we report on the first
tests of ITER-candidate molybdenum mirrors performed in
the divertor of the DIII-D tokamak and a successful attempt
to mitigate the carbon deposition on the mirrors by control-
ling the mirror temperature.

II. EXPERIMENTAL SETUP

DIII-D6 is a large tokamak �R=1.67 m, a=0.67 m� with
all-carbon �graphite� PFCs. Plasma-material interactions in
the lower divertor of DIII-D are studied using the divertor
material evaluation system �DiMES�.7 DiMES allows inser-
tion of material samples into the lower divertor floor, expos-
ing them to either a single plasma discharge, or a series of
reproducible discharges to increase the total exposure time.
The DiMES mechanical drive is actuated by a hydraulic sys-
tem; its design incorporates 12 electrical leads connected via
a vacuum electrical feedthrough, allowing the use of instru-
mented samples. Two of the connections are made of ther-
mocouple grade materials throughout the drive and are used
for an E-type thermocouple. The system has been recently
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upgraded to allow for in situ temperature control of the
samples. It relies on an OMEGA CN77000 temperature con-
troller which reads the sample temperature with a thermo-
couple and controls power to a high-vacuum-compatible car-
tridge heater built into the sample holder �also referred to as
the DiMES head�.

A specially designed mirror holder head shown in Fig. 1
was used for the experiments described below. It was made
of type 316 stainless steel and featured a built-in heater
�OMEGA CSH-301335/120V, rated to 335 W and maximum
temperature of 760 °C�, and a thermocouple �OMEGA
CXSS-040E-6-SHX, rated to 650 °C�. The base of each mir-
ror was held by three stainless steel clamps, one of which
had an extended flap which masked an area of about
3�8 mm2 �Fig. 1�. This protected spot was used for refer-
ence during the analysis of the exposed mirrors. The mirrors
were made of single-crystal molybdenum with the reflective
surface roughness of less than 10 nm. The mirrors were
4 mm thick; the diameters of the base and reflective surface
were 22 and 18 mm, respectively �Fig. 1�.

The geometry of the exposure is illustrated in Fig. 2. The
mirror holder was inserted through a port hole in the divertor
floor, its top edge positioned 1 cm below the floor surface.
The top edge was oriented perpendicular to the magnetic
field, so that the two mirrors faced opposite toroidal direc-
tions. The mirrors were exposed in lower single null �LSN�
magnetic configuration discharges and located in the private
flux zone during the exposure. The deuteron flow to the di-
vertor floor was in the direction of B shown in Fig. 2�b� �as
confirmed by Mach probe measurements�; consequently, the
left mirror in the figure will be referred to as “upstream” and

the right one as “downstream.” The incidence angle of the
plasma flux on the floor surface at the DiMES radial location
was less than 1°.

III. EXPERIMENTAL RESULTS

Two sets of mirrors were exposed on two consecutive
days to highly reproducible ELMing �featuring edge local-
ized modes� H-mode LSN discharges in deuterium. The dis-
charge parameters were: toroidal magnetic field, BT=2 T,
plasma current, Ip=1.1 MA, neutral beam heating power,
PNBI=6.6 MW, and average plasma density,
n̄e=8�1019 m−3. The divertor was detached and plasma
temperature and density in the private flux zone near the
floor were Te=0.5–2 eV and ne= �4–8��1020 m−3. Between
shots the mirror holder was partially retracted �about 10 cm
below the divertor floor� to prevent erosion/deposition by the
intershot helium glow discharge.

The first set of mirror samples was exposed to six
plasma discharges for a total time of about 25 s. No active
temperature control was used, but the holder and the mirrors
were heated by the plasma radiation and charge exchange
atom fluxes. At the beginning of the exposure the holder
temperature was 23 °C. After each exposure discharge the
temperature had increased by about 9 °C �as measured 30 s
after the discharge to avoid pickup from the decaying mag-
netic fields�; it then decreased slowly during the 10 min in-
terval between shots. By the end of the sixth exposure dis-
charge, the holder temperature was at about 44 °C �Fig. 3�.

Upon removal from the vacuum chamber, visible depos-
its were found on both mirrors �Figs. 4�a� and 4�b��, holder,
and clamps. There was a strong asymmetry in the deposition
between the upstream and downstream mirrors. The deposi-
tion on the upstream mirror was rather uniform, while on the
downstream mirror a clear gradient was observed, with
heaviest deposits near the top of the mirror. This was prob-
ably caused by redeposition of the carbon sputtered locally
from the leading edge of the downstream graphite tile. The
aerial carbon coverage, measured by secondary ion mass
spectroscopy �SIMS� and nuclear reaction analysis �NRA�,8

was comparable in the centers of the upstream and down-
stream mirrors, while at the top of the downstream mirror it

FIG. 1. Mirror holder DiMES head.

FIG. 2. Mirror exposure geometry.

FIG. 3. Bulk temperature of the mirror holder before �open symbols� and
after �solid symbols� the plasma exposures.
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was a factor of 2 higher. The thickness of the deposited hy-
drocarbon film was largest near the top of the downstream
mirror; its value of 93 nm measured by spectroscopic ellip-
sometry corresponds to a net deposition rate of 3.7 nm/s.
The D:C ratio in the film was about 0.5, as measured by
NRA.

Laboratory experiments with thermal ion beams have
shown that the chemical erosion rate of carbon peaks at
about 400 °C, where it is about an order of magnitude higher
than at room temperature.9,10 In order to mitigate the carbon
deposition by chemical reerosion, in the course of the second
exposure the mirrors were kept at elevated temperature using
the internal heater. The temperature controller was set to
maintain the holder temperature at 400 °C, but the heater
failed overnight and there was no possibility to replace it
before the experiment. Fortunately, the cooling rate of the
holder was rather slow and the temperature was still elevated
at the beginning of the experiment. The heated set of mirrors
was exposed to 17 plasma discharges similar to those em-
ployed with the first set, for a total time of about 70 s. The
holder temperature at the start of the plasma exposure was at
140 °C and decreased slowly throughout the experiment. By
the end of the exposure the holder temperature was about
84 °C. As in the nonheated exposure, the holder temperature
increased slightly after each exposure discharge �Fig. 3�. Er-
ror in the measurement of the temperature increase in this
case was estimated to be ±3 °C �error bars in Fig. 3�.

When the holder with mirrors was removed from
DiMES there were no visible deposits on either of the mir-
rors �Figs. 4�c� and 4�d��. Low carbon content on the heated
mirror surfaces was confirmed by SIMS and NRA analyses.
The aerial carbon density on the heated mirrors from NRA
was a factor of 10–30 lower than on the nonheated ones.
Considering that the total exposure time of the heated mir-
rors was almost three times longer, this corresponds to the
net carbon deposition rate being lower by a factor of 30–100.

Figure 5 shows the total reflectivity measured in the cen-
ters of the heated and nonheated downstream mirrors before
and after the exposures. In both cases the reflectivity for
wavelengths greater than 1200 nm was virtually unaffected
by the exposures. For wavelengths below 1000 nm the re-

flectivity was reduced on both mirrors, but the reduction on
the heated mirror was much smaller. X-ray photoelectron
spectroscopy measurements revealed that the decrease of the
heated mirror reflectivity in the wavelength range below
500 nm was caused by surface oxidation. It is presently un-
clear whether the oxidation of the heated mirrors was pre-
dominantly from the plasma exposure or from the long-term
storage in air. Thin ��15 nm� oxide films were found on
both heated and nonheated mirrors despite the hydrogen
glow discharge cleaning prior to the exposure in DIII-D.

IV. DISCUSSION AND SUMMARY

Our experiments have confirmed that diagnostic mirrors
located in close proximity to the divertor plasma of a toka-
mak with carbon PFCs are likely to suffer from carbon depo-
sition leading to degradation of their reflectivity. We have
also shown that a moderate increase in the temperature of the
mirrors acts to mitigate the deposition and preserve the re-
flectivity, at least in the wavelength range above 500 nm. We
should stress that the thermocouple measured the bulk tem-
perature of the mirror holder, not that of the mirrors them-
selves. The fact that the deposition mitigation was achieved
at seemingly low temperatures could be explained by the
mirror surface temperature being significantly above the
measured bulk temperature during the plasma discharges. As
described above, an increase of the head bulk temperature by
about 9 °C was observed after each plasma discharge during
the nonheated exposure �Fig. 3�. With the mass of the holder
being about 1 kg and heat capacity of stainless steel being
about 0.5 J /g K, this corresponds to an absorbed energy of
4.5 kJ. This in turn corresponds to absorbed power flux of
about 70 W/cm2 on the projected plasma-facing area of the
mirror holder, which is in good agreement with radiated
power measurements in partially detached DIII-D divertor.11

The radiated power spectrum in DIII-D divertor is dominated
by strong lines of carbon �C IV, 155 nm and C III, 117.5 nm�
and deuterium �Ly-�, 121.6 nm�.11 Assuming the average
mirror reflectivity over this wavelength range to be 40%
�Ref. 12� and the holder reflectivity to be negligible �the
holder surface was not polished�, and neglecting the heat
transfer from the mirrors to the holder during the plasma
discharge, the mirror temperature rise by the end of each
exposure discharge in the nonheated series would be about

FIG. 4. Mirrors exposed at ambient ��a� and �b�� and elevated ��c� and �d��
temperatures.

FIG. 5. Total reflectivity of the heated and nonheated downstream mirrors
before and after the exposures.
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140 °C. Measurements of the postdischarge temperature rise
during the heated exposure were less accurate; however,
there is no reason to expect the radiation heating of the mir-
rors to be significantly different between the two exposure
series. Therefore, we conclude that the mirror surface tem-
peratures at the end of each heated exposure discharge may
be as high as 220–280 °C, which is closer to the tempera-
ture where the chemical erosion yield peaks.9,10 We should
note that the above estimate is high-bound since the finite
heat conductivity of the mirror holder was not accounted for.
ANSYS heat transfer modeling is underway to more accu-
rately estimate the mirror surface temperature rise during an
exposure discharge. In any case, it is quite remarkable that
the average temperature difference of just about 70 °C be-
tween the two mirror sets resulted in such a strong decrease
of the net carbon deposition rate.
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