https://doi.org/10.46813/2026-161-040
UDC 669.187.58

LARGE PROFILED MOLYBDENUM SINGLE CRYSTALS PRODUCED
BY ADDITIVE PLASMA-INDUCTION TECHNOLOGY AS A
PROMISING MATERIAL FOR HIGH-POWER LASER OPTICS
COMPONENTS

V.0. Shapovalov!, A.M. Negriyko?, Yu.O. Nikitenko®, V.V. Yakusha!, Zh.V. Potomkina?,
O.M. Gnizdylo', Ye.V. Miroshnichenko®
'E.O. Paton Electric Welding Institute of the National Academy of Sciences of Ukraine,
Kyiv, Ukraine
E-mail: nikyu80@gmail.com;
?Institute of Physics of the National Academy of Sciences of Ukraine, Kyiv, Ukraine
E-mail: potemki@iop.kiev.ua

This work presents the results of a study on large profiled molybdenum single crystals produced by additive
plasma-induction technology, aimed at their application as materials for high-power laser optics components. The
choice of molybdenum as a promising material for mirrors and thermally loaded optical elements is justified by its
high melting point, low coefficient of linear expansion, high thermal conductivity, and strong reflectivity in the
infrared range. It is shown that conventional melting and shaping techniques lead to polycrystalline structures,
which limit the achievable mirror surface quality. The proposed additive plasma-induction technology enables the
growth of large-size molybdenum single crystals with controlled crystallographic orientation and geometry, suitable
for manufacturing large-area mirrors. A comparative study of the optical properties of samples with (110), (111),
(100), and (112) planes was carried out by analyzing laser diffuse scattering diagrams (A = 633 nm). It was found
that the mirror surface quality strongly depends on the crystallographic orientation: the smallest diffuse scattering
angle (20 < 10°) is observed for the (110) plane, which is the most suitable for forming mirror elements of high-
power laser optics. The obtained results are consistent with literature data for small single crystals and confirm the
feasibility of using large molybdenum single crystals produced by plasma-induction technology in high-power laser
systems.

INTRODUCTION _ _ _ _ Table 1
The development and operation of modern high- Main physico-chemical properties of molybdenum

power laser systems are accompanied by stringent affecting its optical characteristics

requirements for optical components — mirrors, Parameter Value Reference
reflectors, and heat-loaded elements. These components
must not only ensure efficient interaction with laser ) .
radiation over a wide spectral range (1...10 pm) but also Melting point 2623 3]
maintain structural and optical stability as well as beam
resistance under intense thermal and mechanical Density 10.28 [3]
stresses. —
Among the materials suitable for manufacturing Thermal conductivity ~138 [4]
such components, molybdenum stands out due to its at 20 °C
unique combination of a high melting point, low Electrical conductivity, 176 [4]
coefficient of linear thermal expansion, high thermal puQ-cm '
conductivity, and significant reflectivity in the infrared Coefficient of linear %
range. Molybdenum mirrors exhibit e>;ce|lent resistance thermal expansion 4.8-10 [3]
to most aggressive environments — from exposure to P N
;Zi\avgter and high humidity to the effects of chemical (Rkeirafgg/j :Eg;a X 111(;33; [5]
It is also important that molybdenum demonstrates Reflectivity R ~0.84 [5]
high resistance to sputtering under the action of charged (%= 1.064 pm)

particle beams, such as ion bombardment, which makes
it attractive for manufacturing mirrors used to control
laser beams in Thomson scattering diagnostics in
plasma devices such as the LHD [1, 2]. These properties
make molybdenum a promising material for the
fabrication of mirror-type heat-loaded elements in high-
power laser systems (Table 1).

At the same time, molybdenum as a material for
metallic laser mirrors is significantly inferior to well-
known metals used for this purpose, such as gold, silver,
aluminum, and copper, in one key parameter — the
reflectivity coefficient. Molybdenum has a relatively
low reflectivity of about 60...65% in the wavelength
range of 500..1050 nm [2]. As the wavelength
increases, its reflectivity rises rapidly, and for
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wavelengths above 3 um, the reflectivity of a
molybdenum mirror exceeds 96%, reaching values of
98...98.9% (depending on polarization and incidence
angle) for the 10.6 um radiation of a CO, laser [6]. It is
worth noting that molybdenum is also used as a material
for multilayer mirrors for soft X-ray and vacuum
ultraviolet radiation, applicable in astrophysics and
VUV photolithography [7]. Therefore, it can be
considered a promising material with a unique
combination of properties for laser mirrors in the near-
infrared range — particularly for laser beam control
under aggressive conditions — as well as for multilayer
mirrors in the spectral regions of vacuum ultraviolet and
soft X-rays.

The optical quality of molybdenum mirrors depends
on the method and precision of surface finishing, the
purity and structure of the metal, and the melting
technology. The influence of the sample’s
microstructure and metallurgical processing on the
optical properties of the polished surface has been
analyzed in several works [8, 9]. These studies
confirmed that the melting technology, processing
conditions, and alloy composition significantly affect
the structure of the cast sample, which ultimately
determines the polishing quality and the residual surface
features. The correlation observed between surface
roughness and microstructure indicates that smoother
polished surfaces can be obtained from fine-grained
samples with a high degree of texture — or, importantly,
with a desired crystallographic orientation, such as in a
single crystal. It should also be noted that achieving the
highest optical performance requires structural
homogeneity of molybdenum single crystals.

For long-distance laser beam focusing, the mirror
diameter can reach a meter or more, which requires
large ingots suitable for wide-format rolling. Producing
large, high-quality molybdenum blanks is a challenging
technological task, as traditional methods (pressing,
sintering, or electron-beam melting) usually result in
polycrystalline structures with anisotropic optical
properties and defects that reduce reflectivity
(Fernandez-Zelaia et al., 2021 [10]). Large single
crystals may contain a substructure represented by sub-
blocks with small crystallographic misorientations (a
few degrees), which can affect laser radiation scattering
and reflection efficiency.

One of the promising approaches is the formation of
single-crystal blanks with controlled orientation, which
minimizes scattering and interference distortions of
laser radiation. Molybdenum crystallizes in a body-
centered cubic (BCC) lattice, and its optical properties
depend on crystallographic orientation. Reflectivity
varies within 5...8% for the {100}, {110}, and {111}
planes, with the maximum values observed for the
{110} plane due to its higher atomic density (A.
Litnovsky et al., 2023 [11]). Surface roughness, which
differs among crystallographic planes even under
identical processing conditions, also affects reflectivity.

Traditional crystal growth methods (zone melting,
Czochralski method) do not allow for the production of
large or complex-shaped crystals. In this context, the
additive plasma-induction technology is of particular
interest, as it combines the principles of directional

crystallization with the ability to grow bulk objects
layer-by-layer with a controlled geometry [12]. The
application of this technology enables the production of
large molybdenum single crystals in the form of plates
suitable for wide-format single-crystal rolling and the
fabrication of large-scale mirrors. Although this
technology is actively developing for tungsten and
molybdenum, its influence on the optical properties of
the resulting single crystals has hardly been studied
(Howard et al., 2024 [13]).

Considering the influence of crystallographic
orientation on surface finish quality and the known
applications  of  single-crystal  silicon  mirrors,
particularly in environments with intense charged-
particle fluxes in the ITER program [14], it is important
to study in greater detail the effect of molybdenum
crystallographic orientation on the quality of the
machined surface — especially through optical radiation
scattering. It is well known that the characteristics of
scattered radiation, particularly laser light—such as
reflectivity, the angular dependence of scattered
intensity, beam divergence, polarization, and energy
dependence of reflected and scattered light—are
determined by the material properties and surface
roughness parameters [15, 16]. Alongside electron and
atomic-force  microscopy, optical light scattering
techniques are widely used for characterizing mirror-
like metallic surfaces.

In view of the above, the aim of this work is to study
the optical properties of large profiled molybdenum
single crystals obtained by additive plasma-induction
technology, taking into account their crystallographic
orientation.

MATERIALS, EQUIPMENT,
AND RESEARCH METHODS

The properties of molybdenum are provided in the
Introduction.  In  plasma-induction  growth  of
molybdenum single crystals, the feedstock material
consists of polycrystalline rods. Their chemical
composition depends on the manufacturing method and
supplier. In the present experiments, technical-grade
molybdenum was used, with a total impurity content not
exceeding 0.05% (Table 2).

The following analytical instruments were employed
to determine the chemical composition:

— X-ray spectrometer Philips Analytical: X’Unique
Il - Rh 80 kV LiF220 Gelll TLAR;

— Carbon analyzer HORIBA EMIA-Pro;

— Oxygen and nitrogen analyzer LECO TC 436.

Table 2
Chemical composition of molybdenum, ppm

Fe | Al [Ni|Si|C|Mg|O]|N/|H
20 |20 |30 30|30 ] 30 [15 |20 |5

For high-power optical components, not only the
materials engineering but also the geometry and
crystallographic orientation of the crystals are critical.
In the case of large-diameter mirrors, the use of sizable
monocrystalline plates is particularly advantageous, as it
reduces labor intensity and optimizes the rolling-related
technological processes. This approach also minimizes
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the number of processing steps and, consequently,
decreases the occurrence of defects in the crystal
structure. A schematic of the process and a photograph
of monocrystals grown in plate form are presented in
Fig. 1.
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Fig. 1. Schematic and photograph of the process:

a — Schematic diagram of the plasma-induction
technology setup (1 — plasma torch; 2 — molybdenum
feed rod; 3 — inductor; 4 — single crystal; 5 — substrate;
6 — feed rod mechanism; 7 — plasma arc; 8 — local melt
pool); b — Process of single crystal growth

At the research stage, single crystals in the form of
plates measuring 20x170x160 mm were used without
rolling. From a crystal with, for example, a [110]
orientation of the side face, samples were cut with
surface orientations of [110], [100], [111], and [112].
Additionally, samples were cut from a polycrystalline
billet for comparison of reflectivity.

The crystallographic orientation of the sample plates
was verified using an X-ray diffractometer. An example
of a diffraction pattern for one of the planes is shown in
Fig. 2.
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Fig. 2. Diffraction pattern of the [110] plane

The sample surfaces subjected to investigation
underwent mechanical processing.

Rough grinding.

This stage was performed using abrasive wheels
(corundum, silicon carbide, or diamond) with grit sizes
of 80...200. The purpose was to remove excess material
and form the general geometry of the samples.

Fine (precision) grinding.

This was carried out using diamond pastes with grit
sizes ranging from 800 to 2000. It improved surface
flatness, reduced microcracks, and prepared the surface
for polishing. Oil-based cooling was applied to prevent
overheating.

Polishing.

For molybdenum single crystals, special diamond
suspensions or pastes (0.5..3 pm) were used on soft
disks (felt or polyurethane). The goal was to achieve
minimal surface roughness (Ra < 5 nm) without residual
deformation. The use of colloidal silicon dioxide
(SiO; ) enhanced the uniformity of material removal.

At all stages of mechanical processing, the contact
pressure of the tool on the sample and the temperature
were carefully controlled to prevent cracking.

DISCUSSION OF RESULTS

To investigate the optical properties of molybdenum
single crystals, plates with different crystallographic
orientations were grown using the plasma-induction
method (Fig. 3).

Fig. 3. Fragment of a single crystal measuring
20%150=150 mm and a molybdenum single crystal
measuring 20x140x160 mm

Samples measuring 4x20x20x4 mm were cut from
the single crystals. The surfaces of the single-crystal
samples were processed using the unified procedure
described above. The image size is 9x9 um (Fig. 4).

To study the mirror surface of molybdenum using
laser light scattering methods, a multimode helium-—
neon laser with a wavelength of 633 nm and a beam
diameter of 4 mm was used. The laser beam was
directed normally onto the mirror surface of the
molybdenum single crystal, reflected from it, and
projected onto a screen, where the pattern of scattered
radiation was photographed. The obtained image was
processed using the FIJI ImageJ software to determine
the angular distribution of the scattered laser radiation.

The light scattering patterns of molybdenum single-
crystal samples with orientations (110), (111), (112),
and (100) (a), as well as the results of their processing in
F1J1 ImageJ (b), are shown in Fig. 5.

42 ISSN 1562-6016. Problems of Atomic Science and Technology. 2026. Ne/(161)



(110) (111)

(112) ” (1)

Fig. 4. Surface images of molybdenum samples (scanning electron microscope Quanta FEG,
magnification x25,000)
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Fig. 5. Light scattering patterns from the mirror surface of molybdenum single crystals with (110), (111), (112),
and (100) orientations

Diffuse scattering of laser light with a wavelength of
633 nm from different crystal planes allows for
comparison of the mirror surface quality achieved by
processing facets with various orientations. It is evident
that the optical quality of the surface strongly depends
on the crystallographic orientation. The smallest diffuse
scattering angle, 2@ < 10°, was observed for the (110)
plane, although distortion of mirror reflection occurs at
small scattering angles. For the (111) and (100) planes,
the scattering behavior is similar: a clear mirror
reflection pattern with a symmetric distribution relative
to weak diffuse scattering at 20 = 2.5°. The (112)
surface exhibits an asymmetric scattering diagram,
indicating the presence of surface structural anisotropy.

Clearly, this crystallographic orientation promotes the
formation of a pronounced directional pattern of
machining marks during polishing. The alignment of
these marks along a preferred processing direction
produces an asymmetric scattering pattern due to light
diffraction on the surface features.

It is well known that the characteristics of scattered
radiation, including laser light — such as reflectance,
angular dependence of scattered intensity, beamwidth,
polarization, and energy distributions of reflected and
scattered light — are determined by the material
properties and surface roughness parameters [15, 16].
Models linking surface topography parameters with
scattered radiation characteristics are based on the effect
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of the surface on the phase of reflected and scattered
light, as well as associated diffraction and reflection
phenomena. Typically, Rayleigh-Rice and Beckmann-
Kirchhoff scattering theories [17, 18], as well as the
Harvey-Shack model, which characterizes scattering
behavior via a surface transfer function [16], are used to
predict surface scattering effects. Rayleigh-Rice vector
perturbation theory shows good agreement with
experimental measurements of wide-angle scattering
from “smooth” surfaces for arbitrary incidence and
scattering angles. Beckmann—Kirchhoff theory is valid
for rougher surfaces but includes a paraxial (small-
angle) assumption that limits its accuracy in handling
wide-angle scattering and large incidence angles.

Analysis of the scattering diagrams allows a
preliminary conclusion that the (110) plane is the most
suitable for producing mirror surfaces of high-power
laser optics components from large molybdenum
singlecrystals grown by plasma-induction technology,
despite the presence of subblock structure. This is
consistent with literature data on small molybdenum
singlecrystals grown by electron-beam zone melting,
where the (110) plane was also identified as optimal. At
the same time, the (111) and (100) planes, which
demonstrate symmetric scattering patterns, could also
be considered candidates for mirror surface formation
when advanced surface processing techniques are
applied.

The work was performed in collaboration with the
Institute of Physics of the National Academy of
Sciences of Ukraine.

The work was performed with the support of the
National Research Foundation of Ukraine, Project No.
2023.04/0030.
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BEJIMKI MIPO®PLIBOBAHI MOHOKPUCTAJIA MOJIIBJAEHY,
OTPUMAHI 3A AJJMTUBHOIO IIJIASMOBO-IHIYKIIMHOIO TEXHOJIOI'IEIO,
SIK IEPCIIEKTUBHUM MATEPIAJI JUIS1 EJIEMEHTIB CUJIOBOI
JIABEPHOI OIITUKHN

B.O. Hlanosanos, A.M. Hezpiiixo, 10.0. Hukumenko, B.B. fkywa, K.B. Ilombomkina,
O.M. I'nizouno, €.B. Mipowniuenxo

[TpesncTaBneHO pe3ynbTaTd AOCIIHKEHHs BEIMKHUX NMPOQLILOBAHMX MOHOKPHUCTAIIB MOJIOJACHY, BUTOTOBICHUX
3a JIONOMOTOI0 aJMTHBHOI IIa3MOBO-IHIYKLIIHOI TEXHOJOrI], 3 METOI IX 3aCTOCYBaHHS SK MaTepialiB s
KOMITOHEHTIB JIa3epHOT ONITHKKA BUCOKOI OTYXHOCTI. Bubip MomiOneHy sk mepcreKTUBHOTO MaTepiaiy Juis A3epKaj
1 ONTHYHMX EJEMEHTIB, L0 IIJJIAI0ThCA TEPMIYHOMY HaBaHTA)XEHHIO, OOIPYHTOBaHMII HOTO BHCOKOIO
TEMIIEpaTypOol0 TUIABJICHHS, HU3bKUM KOE(II[IEHTOM JHIHHOTO PO3IMIMPEHHS, BHCOKOIO TEIJIONPOBIIHICTIO Ta
CHJIbHOIO BIJIOMBHOIO 37aTHICTIO B iH(pauepBoHOMY Jiamna3oHi. [lokazaHo, 1o TpaauuiliHi METOAW IUIABJICHHS Ta
(hopMyBaHHS NPHU3BOIATH IO YTBOPEHHS MOMIKPUCTAIIYHUX CTPYKTYD, IO OOMEXYIOTH SKICTh ITOBEPXHI A3epKaa.
3amponoHOBaHA aJWTHUBHA IDIa3MOBO-iHAYKIIHHA TEXHOJOTiA, $Ka IO3BOJISIE BHUPOIIYBATH BEIHKOPO3MIipHI
MOHOKPHCTAIN MOJi0ZeHY 3 KOHTPOIHOBAHOIO KPUCTAJIOTpadidHOIO OPIEHTAIIIE€I0 Ta TEOMETPI€r0, IO MPUAATHI IS
BUTOTOBJICHHS J3€pKaJl BEIUKOI Iuromli. Byno mpoBeaeHO MOpIBHSIBHE MOCTIIPKEHHS ONTHYHHX BIIACTHBOCTEH
3paskiB i3 mrommHamu (110), (111), (100) ta (112) musixom aHami3y miarpam Audy3HOTo po3ciroBaHHA jasepa (A =
633 HM). BcraHOBiIEHO, MO SAKICTH MOBEPXHI J3epKajia CHIBHO 3alISKHUTh BiJ KpHUcTaiorpadidHoi opieHTaIii:
HaliMeHIIMH KyT nudysHoro posciroBanus (20 < 10°) cmocrepiraerbest st mwiommHu (110), sxa € HaiOLIBII
NPUIATHOIO Uit (POPMYBaHHS J3E€PKaJIbHUX €JIEMEHTIB BUCOKOIMOTYKHOI Jla3epHOi onTHku. OTpUMaHi pe3ysbTaTH
Y3rO/KYIOTBCS 3 JITEPATypHHUMH JAaHUMH JUIsl HCBEIUKHX MOHOKPHUCTATIB 1 MiATBEPIKYIOTh IOLLUIBHICTH
BUKOPHCTAHHSI BEJIMKMX MOHOKPHUCTANIB MOJi0€HY, OTPUMAaHKX 32 JOIMOMOTOI0 IJIa3MOBO-1HAYKIIHHOT TEXHOJIOTI,
Y BUCOKOIIOTY)KHHX JIa3€PHUX CHCTEMaXx.
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