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Surface preparation of SS316L(N)-IG second mirrors for ITER optical

diagnostics

© I.B. Tereschenko!, D.S. Samsonov', E.E. Mukhin', G.V. Marinin?, D.V. Terentev?, V.E. Patrikeev?,
A.L. Khudoley*, P.N. Kumeisha*, V.D. Kalganov?, K.A. Benken®

!loffe Institute,

St. Petersburg, Russia

2 Russian Technologies,,

St. Petersburg, Russia

? JSC Lytkarino Optical Glass Plant (LZOS),
Lytkarino, Russia

4 AV. LYKOV INSTITUTE OF HEAT AND MASS TRANSFER (ITMO),

Minsk, Belarus
3 Interdisciplinary Resource Centre for ,Nanotechnology"
SPbU, St. Petersburg, Russia

The Centre for Microscopy and Microanalysis (CMM) of SPbU ,

St. Petersburg, Russia
e-mail: i.tereschenko@mail.ioffe.ru
Received May 13, 2025

Revised July 24, 2025
Accepted August 04, 2025

The challenges of developing large-scale 316L(N)-IG mirrors for the collection system of the ITER divertor
Thomson scattering (DTS) diagnostic are under consideration. These are second mirrors (M2), located out of
direct plasma sight, require an optically smooth surface to ensure efficient light collection. Two approaches to
surface finishing abrasive and magnetorheological polishing were investigated. On small-scale samples (22 mm
and 6 x 6 mm), the target roughness (Rq/1 < 0.012) was achieved, while scaling to larger substrates revealed
degradation of surface quality, indicating the need for further process optimization. The results confirm the
applicability of the developed polishing techniques and provide a basis for a scalable preparation route for ITER

optical components.
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Introduction

The optical system for radiation collection of the Thom-
son scattering diagnostic in the ITER divertor (DTS)
includes a mirror system transmitting collected radiation
outside the vacuum chamber and consists of the first
mirror unit (First Mirror Unit, FMU) and 4 sequentially
reflecting large-size mirrors (,,second mirrors®) [1], which
are not exposed to contamination, and the key requirement
for them is the maximum reflectance (> 92%) in the
range 540—1100nm and its stability under temperature
fluctuations and possible water ingress into the vacuum
volume. For the FMU, located in the area of intense
thermal and radiation exposure, high thermal conductivity
An is important, so stainless steel 316L(N)-IG is not used,
yielding to materials such as Mo, W, and CuCrZr [2,3]
(table). Meanwhile, for the ,second mirrors“, which
are not subject to contamination and are mounted on a
massive stainless steel structure [4], this material remains
preferable due to its high thermal stability (E/p), shape
stability, and structural compatibility with the support
frame.
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Austenitic stainless steel, chosen as the main structural
material for ITER because of its non-magnetic properties, is
not a traditional optical material due to its high ductility,
which complicates obtaining optical-quality surfaces by
grinding/polishing. Moreover, steel has a low reflectance
(~ 60 %) in the visible range, which makes it necessary to
form a highly reflective coating on its surface to achieve
the required optical characteristics. The reflectance of a
highly reflective thin-film coating depends on the combined
optical properties of the coating and the morphological
characteristics of the substrate. Significant surface roughness
increases diffuse scattering, and microscopic defects can
create local stresses affecting the coating’s durability. This
necessitates achieving minimal subsurface defects, high
cleanliness, and optimal microstructure for adhesion during
polishing.

For quantitative assessment of scattering (Total Integrated
Scattering, TIS) Bennett and Porteus [5] established a
dependence on roughness:

47Rq cos 6 \ 2
TISgr = Ry [1 _ e () } ,
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Mechanical properties of SS316L(N)-IG and other materials (at 20 °C)

SS316L(N) CuCrZr w Mo

Specific density y (10*N m~) 8.03 8.7 193 10.2
Modulus of elasticity E (GPa) 200 127.5 400 330
Specific stiffness E/p (10°m) 2.5* 1.46 2.1 32
Thermal expansion coefficient a (107°K~") 16 16.7 45 535
Thermal conductivity Am (W-m 'K~ 15 318 175 138
Temperature stability a/Am (10~ 8 mW—") 107** 0.5 2.57 39

Note: *Specific stiffness is comparable with other materials. **Best temperature stability, characterized by the ratio of the material’s linear expansion

coefficient to its thermal conductivity.

where Ry is the theoretical value of surface reflectance, Ry is
the root mean square surface roughness, 6; is the angle of
incidence on the surface, 1 is the wavelength of light.

To ensure the operability of the ITER DTS radiation
collection system, the key criterion is minimizing diffuse
scattering expressed by the condition TISgp < 1 %. For steel
316L(N)-IG with a reflectance ofRy = 0.6 (1 = 540nm)
this criterion is met at a root mean square roughness of
Rq < 6.4nm (Rq/2 < 0.012). However, achieving such
parameters for stainless steel requires the development of
specialized processing technologies. It should also be
noted that the given criterion Ry < 6.4nm is approximate,
and its applicability in real conditions requires additional
justification considering surface specifics and operational
loads.

This work, without claiming a comprehensive solution,
summarizes some experience in developing technological
processes for abrasive and magnetorheological polishing of
steel 316L(N)-IG. Abrasive processing of steel combines
mechanical action of abrasive particles and chemical in-
fluence of surfactants [6]. The balance of these factors
determines roughness, degree of subsurface damage, and
electronic surface state. For example, reduction of the
surface work function (electron work function, EWF)
after abrasive processing reduces susceptibility to pitting
corrosion [7], and adding oxidizer to the polishing suspen-
sion increases material removal rate and improves surface
smoothness [8]. Abrasive grains act via two mechanisms:
micro-cutting (constant surface contact) and micro-impact
(periodic impact by loose grains) [9]. The first can cause
scratches on the surface, while fine particles can penetrate
the material (embedding) [10] forming a layer with unstable
physico-mechanical properties [11,12]. Considering limited
knowledge of the effect of the embedded layer on optical
stability, its removal is mandatory. = The principle of
magnetorheological polishing (MRP) is based on changing
the rheological properties of MRP fluid in a magnetic
field [13,14]. In the treatment zone, a polishing zone forms:
a solid-like core (elastic substrate) and a liquid layer with
abrasives. Unlike traditional methods, MRP provides instant

adaptation to the part surface without material damage and
embedded layer formation [15]. However, MRPF processes
are mostly developed for optical materials [16], unlike
steels [17].

In this study, a comparative analysis of two approaches
to forming an optically smooth surface on stainless steel
316L(N)-IG samples has been conducted. Surface topogra-
phy parameters were obtained on optical profilometers Zygo
ZeScope, 4D Technology NANOCAM, MicroXAM-800, as
well as atomic force microscope INTEGRA-AURA. Sample
surface morphology was studied using scanning electron
microscope (SEM) MERLIN™ in secondary electron de-
tectors Everhart-Thornley (SE2), and elemental analysis
was performed by energy-dispersive X-ray spectroscopy
(EDX) on the INCA attachment. Diffuse scattering was
measured on integrating sphere UPB-150-ART equipped
with CAS140C-171 spectrometer. CAS140C-171.

Abrasive Polishing

Abrasive polishing technology aimed at minimizing the
roughness parameter Ry was tested on model samples
22 mm diameter (Fig. 1,a). The processing was carried out
on three groups of samples on a resin polisher using differ-
ent suspensions based on diamond paste ASM 2/1, ASM
1/0 with CuSO4ASM 0.5/0 with 2% oxalic acid solution.
The minimum root mean square roughness Ry = 1.51 nm
was obtained using the fine fraction 0.5/0, while 2/1 gave
the highest roughnessRy = 2.31nm. Microscopic surface
analysis after ASM 0.5/0 revealed two types of defects:
randomly placed scratches and uniformly distributed carbon
particles sized 50—200nm (Fig. 1,5), not correlated with
scratches, possibly indicating their embedding at an early
stage of processing. The formed embedded layer has a depth
of about 0.3um (Fig. 1, ¢), and the surface topography
meets the required parameter Ry/A < 0.012 (Fig. 1,/).

The scaling of the process was carried out on a large-
sized M2 mirror 540 x 110mm (Fig. 1,d). Studies of
the polishing process revealed several key patterns and
technological limitations. The main problem was the stable
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Figure 1. (a) Photograph of a model sample after polishing. (b) SEM+EDX-image at 50K surface after polishing showing carbon
inclusions. (¢) TEM image of embedded layer after polishing. (d) Photograph of M2 mirror after polishing assembled with parasitic
surfaces, into which witness samples are installed, where / witness sample assembly in parasitic surface holder, 2 holder of witness
sample, 3 witness sample @22 mm. (e) Correlation between diffuse reflection and roughness parameter Ry of M2 mirror witness samples.
(f) Surface topography of model sample and M2 mirror. (g) Comparison of 2D PSD function of model sample and M2 mirror surface.

alternation of two types of surface defects — pitting and
lasing, and eliminating one defect type inevitably led to the
appearance of the other. The polisher material showed sig-
nificant influence on the result: resin polisher gave the best
results in combination with suspensions based on aluminum
oxide (WCA), while felt and polyurethane polishers were
less effective and prone to cause pitting, especially when
used with cerium oxide (,U* 0.8—1.2 um, ,,D* 0.4—0.6 um,
»Neva-3“). The most effective combination to combat pitting
proved to be the use of a resin polisher with WCA-3
suspension (aluminum oxide, ~ 3 um) and the addition of
glycerol, which ensured elimination of pitting after 8 hours
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of processing but caused the formation of numerous lasing
defects. Diamond suspensions provide the best reflectivity
and the lowest roughness, but do not eliminate pitting even
after prolonged (60 hours) treatment.

The complexity of processing a large-sized part is asso-
ciated with several factors: 1) increased abrasive lifetime,
leading to changes in the dynamics of abrasive particle
impact, 2) part of the surface is exposed and subjected
to environmental effects, causing oxidation or other undesir-
able changes in the material structure.

For surface characterization (roughness and diffuse scat-
tering), witness samples Nel—12 @22mm, located on
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Figure 2. (a) Photograph of model sample 6 x 6 mm for testing various MRP fluid modes. (b) Surface topography of the model sample

processed with MRP fluid composition Ne
mirror: (d) first treatment (~ 100nm), (e) second treatment (~

parasitic surfaces of the M2 mirror block (Fig. 1,d, 1—3)
were extracted. The average value of R; was 8.4nm,
about five times higher than the corresponding indicator
for the model sample (Ry/A > 0.012) indicating the need
for technology optimization when scaling to large mirrors.
A moderate positive correlation between roughness and
diffuse reflectance r = 0.71, p = 0.048 (Fig. 1,¢) was iden-
tified, confirming the influence of microgeometry on optical
properties. The wavelength 540 nm was chosen as the most
sensitive to scattering in the working range 540—1100 nm.
For the M2 mirror, the measured roughnessRy was 7.2nm
(Rg/A > 0.012), explained by the presence of deeper
scratches (Fig. 1,f). Analysis of 2D PSD showed extrema at
low frequencies caused by data limitations on large scales,
as well as a spectral density excess (~ 1000 1/mm) for M2
compared to the model sample over a wide frequency range
(Fig. 1,g), correlating with increased roughness.

Magnetorheological Polishing

Magnetorheological polishing (MRP) was carried out
on a model sample 6 x 6 mm made of steel 316L(N)-IG
(Fig. 2, a) in the laboratory setup ,,Polymag® allowing
effective study of various polishing fluid compositions
due to the required small volume (~ 50ml). The initial
surface after abrasive treatment with P240 disk (grain
size 50—63 um) had pronounced multidirectional scratches
50—200 nm deep and roughness parameters Rq = 63.3 nm,
R, = 335nm.

5, (¢) composition Ne 4. Processing on industrial equipment of witness sample Ne 10 of M2
350nm), (f) third treatment (~

800 nm).

The influence of magnetorheological polishing fluid
(MRPF) composition and processing modes (soft/hard) was
studied experimentally. The polishing mode was determined
by the gap between the cuvette and the sample: decreasing
the gap (2mm) increased material removal intensity due to
the concentration of magnetic particles near the surface but
also increased the risk of deep defects. The soft mode (gap
~ 4 mm) provided gentler treatment.

During the study, the effect of the MRPF composition on
the polishing quality of steel 316L(N)-IG was investigated.
The best results were achieved with MRPF composition
No. 5 based on fine iron powder (Rq = 0.18 nm) (Fig. 2, b);
the surface was uniform with a pronounced polycrystalline
structure without signs of embedding. The worst quality
was obtained with MRPF composition No. 4 based
on ethyleneglycol (Ry = 16.6nm) (Fig. 2, ¢); multiple
pitting and absence of grain structure indicated process
instability due to particle agglomeration, unsuitable viscosity,
or adverse chemical effects.  The magnetorheological
polishing method enables achieving the required criterion
Ry/A < 0.012 on the surface 5 x 5 mm of steel 316L(N)-IG
without forming a damaged layer. Scaling up involves
transition to a 5-axis MRP machine with a completely dif-
ferent process kinematics, including relative motion scheme
of tool and workpiece and supply of polishing suspension.
Therefore, process parameters cannot be directly transferred
to industrial setups.

Technology validation on industrial equipment was con-
ducted on witness sample Ne 10 of the M2 mirror after
abrasive polishing. The technological process consisted of
three sequential processing cycles, resulting in removal of
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a surface layer about 800 nm thick (Fig. 2,d—f). Gradual
smoothing of the surface without formation of new defects
was noted, though some deep scratches increased and
roughness rose from Ry =19.2 to Ry=38nm. The
preserved metallic sheen indicated no signs of corrosion.
The results confirm the potential of the method, but its
scaling requires further optimization and research.

Conclusion

The study results highlight the need for precise control
of polishing parameters when manufacturing mirrors for
highly reflective optical systems. Typical defects, such as
scratches, pitting, and oxide inclusions, can serve as model
scenarios when evaluating the durability of mirror coatings
under operational conditions.

Both studied technologies — abrasive and magnetorhe-
ological polishing — demonstrated the ability to achieve
the required surface roughness Ry/4 < 0.012 on model
samples made of stainless steel 316L(N)-IG. The best
characteristics were obtained using MRPF composition
No. 5 Ry/A < 0.0003, with the surface structure distin-
guished by absence of embedding. The abrasive technol-
ogy also showed high efficiency, providing target quality
Rg/4 < 0.003.  When scaling the process to a larger
mirror, an increase in roughness was recorded, indicating
the need for further optimization, including tool selection
or modification of polishing regimes. Nevertheless, the
demonstrated results confirm the applicability of the chosen
approaches and create a solid foundation for advancing high-
precision processing technology of large optics made of
stainless steel 316L(N)-IG.

The article does not cover alternative approaches based
on preliminary coating of the stainless steel surface with
another material followed by processing — for example,
diamond turning of bimetallic CuCrZr/SS316L(N)-IG con-
struction or abrasive polishing of glassed steel surface
SS316L(N)-IG. The choice of direct processing of the
stainless steel substrate is driven by the desire for struc-
tural simplicity and technological reproducibility; however,
evaluation of such combined solutions remains a subject for
further research.
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