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Experimental researches and new regularities of influence of electron-beam processing modes on quan-
titative indexes of quality of surface layers of optical glass and ceramics elements are carried out: purity
and smoothness of surface — the surface of optical glass elements is completely free of defects, at the same
time, there is an increase of purity class, the reduction of microroughness to 0.4-1.3 nm; thickness of melt-
ed layer; structural change and chemical composition; squeezing tension and thickness of strengthened
layers — in the optical ceramics elements there appear compression tensions up to 30-70 MPa in strength-
ened surface layers of 90-210 microns thick. Optimal modes of electron-beam technology are found (ther-
mal impact density 7-106-8-108 W/m2 of electron beam, travel speed 5:10-3-5-10-2 m/s), which improve the
performance characteristics of optical elements: increase of microhardness of the surface and increase of
the strength of surface layers, as well as spectral transmission coefficient; increase of elements stability to
external thermal and mechanical influences by their exploitation. Herein, there is a temperature increase
of surface layers of elements and a rise in their thermal physical properties: volumetric heat capacity,
thermal conductivity coefficient, thermal coefficient of linear expansion. The obtained experimental re-
search results and developed on their basis methods of improvement of performance characteristics of opti-
cal elements found their practical use and introduction in a wide range of Ukrainian enterprises, which al-
lowed to increase the accuracy and broaden measurement ranges of impulsive range finders for 7-15 %; to
increase the probability of flawless performance of optical fairings of infrared guidance and observation
devices and fiber-optic beam guides of laser medical devices while performing at 10-20 %.
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1. INTRODUCTION

The modern level of the development of optical-
electronic instrument making demands the increased
requirements to the performance characteristics of
their optical elements: surface microhardness; spectral
transmission coefficient; resistance to external thermal
and mechanical shocks, etc., that affect the technical
and operational characteristics of the devices (impulse
laser devices of sighting complexes, laser medical de-
vices, infrared devices of self-guidance, etc.) [1-3].

Wide use of traditional methods of preparation and
processing of surfaces of optical elements (mechanical,
chemical, chemical-mechanical, etc.) showed that it is
impossible to get simultaneously clean and flawless
surface, and also flawless surface layers, that leads to
deterioration of the performance characteristics of opti-
cal elements.

Fundamental and applicable researches, conducted
in the field of development of new high intensive technolo-
gies of processing of different materials, including optical
materials, showed that the most promising sources of
energy for such technologies are the focused streams of
charged elements (electrons, ions), laser radiation, etc.
However, the application, for example, of ionic and laser
surface treatment of elements has revealed a number of
obstacles that restrict the possibility of their wide use in
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the optical electronic instrument building: the violation of
microgeometry of the surface; formation of local high-
temperature zones with large temperature gradients, that
lead to the emergence of critical thermostresses in materi-
als and their destruction; complexity of operation (espe-
cially scanning laser beam), etc. [4-6].

As the practice has shown, the most convenient, en-
vironmentally friendly and easily controllable method
of optical element processing is the electron-beam
method. There have been shown the application possi-
bilities of the moving electron beam of belt form for
polishing optical glass elements and obtaining high
purity surfaces with minimal roughness, as well as for
strengthening optical ceramics elements and obtaining
the surfaces with advanced microhardness and thick-
ness of the strengthened layers of tens of microns.
However, the wide use of electron-beam technology in
the optical-electronic instrument building is restrained:
by the data absence as to the influence regularities of
electron-radiation treatment modes on the performance
characteristics of optical elements, the operation of
which allows to improve technical and performance
characteristics of devices, including accuracy and range
of measurements, probability of reliable performance in
operation, etc.

Consequently, the establishment of influence regu-
larities of electron-beam technology on the performance
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characteristics of optical elements, determination of
operation modes, within which they are improved, re-
sulting in the decrease of technical and operational
characteristics of the optical electronic devices is an
important and acute scientific and technical problem.
Thus, this work aims to create scientifically grounded
bases of the improved performance characteristics of
optical elements by establishing influence regularities
on them by modes of electron-beam technology.

2. OPTICAL ELEMENT CHARACTERISTICS
AND METHODS OF THEIR INVESTIGATION

The samples of optical elements of optical electronic
devices were used for experimental research: flat-
parallel plates, rectangular elements, cylindrical and
spherical elements from optical glass (K8, BK10, TF10)
and optical ceramics (KO1, KO2, KO5) [1]. For electron-
beam processing of surface layers of optical elements
the developed technological equipment was used, which
differs from the existing electron-beam installations by
the technological facilities for automated measuring
and temperature control of the processed surface, as
well as electron beam sensing, which is protected by
the patents of Ukraine.

As a result of researches of the electron beam sensing
by the known method of the rotating probe [1] there
were determined empirical dependencies of thermal
influence density in its center F, (W/m2) on the con-
trolled technological parameters of the electron beam
installation: electron beam current I, mA; accelerating
cranking voltage V,, kV; distances to the processed sur-
face of the optical element /, m. It is determined that for
the working change ranges of the specified settings
(I = 50-300 mA, V,=6-8kV, [=0.04-0.08 m) the follow-
ing change range is realized: F =106-10° W/m2. There-
fore, the beam travel speed varies within V=0-0.1 m/s.

For modeling of external influences on optical ele-
ments under normal conditions (P = 105 Pa, T'= 293 K)
controlled IR heating by quartz lamps of the type
KGM-220-1000-1 (KI'M-220-1000-1) was used with
application of thermosensors RIF-101 (PH®-101) to
control temperatures on the surface of elements in the
range of 300-1900 K and external heat flows in the
range of 1.5-105-2.3:106 W/m?2.

Simulation of the influence of elevated heating tem-
perature (up to 1500 K) and external pressure (up to
107 Pa), as well as the supersonic airflow (up to 2-103
m/s) and angular velocity of rotation (up to 4-103 rad/s)
on optical elements (exploitation conditions of the su-
personic equipment) were conducted on the standard
test installations within the framework of compatible
state budget and public contracting research works of
Cherkassy State technological University with the
Plant Arsenal (Kyiv) and State Enterprise Research
and Production Complex "Fotoprylad"(Cherkassy).

Modern methods of physical and chemical analysis
were used for experimental researches: methods of
raster electron microscopy (REM) and transmission
electron microscopy (TEM) for research of surface
structure and surface layers of optical elements, as well
as the determination of the melted layer thickness;
methods of atomic-force microscopy (AFM) and Vickers
microsensing for measuring microroughness on the
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surface of optical elements, as well as its microhard-
ness; methods of micro x-ray spectral analysis (MXSA)
for the chemical analysis; the methods of shooting in X-
rays on the diffractometers DRON-2,0 and DRON-3.0 to
measure the quantities of thermal stresses in the surface
layers of optical elements; Central Ring Bend method
(CRB) for determining critical values of thermoelastic
thermal stresses in optical elements for heating temper-
atures of 300-1200 K; spectrophotometric methods of
determining spectral transmission coefficient of optical
elements; critical height determination method, from
which steel ball with a diameter of 4-10-3-5:10-3 m,
which is freely falling, destroys the surface of the ele-
ment (results in cracks, chips and other negative defects)
for the study of mechanical stability of optical elements
to shock external loads; contact methods (chromel-
alumel thermocouple convertors, temperature measure-
ment range up to 1600 K) and contactless methods (pho-
to resistor FUO-613 (®Y0-613), the range of tempera-
ture measuring up to 1500 K) to measure the surface of
optical elements; slieren-photographic methods using
shadow instrument the IAB-451 (IAB-451) for investi-
gation of the structure of air flow, which wraps the
optical fairings under conditions supersonic equipment
exploitation.

The relative error did not exceed 5-10 % in the stud-
ies of the determination of the above-mentioned charac-
teristics of optical elements.

3. INVESTIGATION RESULTS AND THEIR
ANALYSIS

It is found that after standard processing the most
characteristic is the presence of microdeffects, such as
cracks up to 0.1-0.7 microns deep, scratches of 2-5 mi-
crons long, as well as blisters of 10-3-10~-2 microns in.
After electron-beam processing the size of blisters (di-
ameters) on the surface of elements decreases 2-4
times, with other microdefects less than 1-2 microns are
not observed, that is, as a result of processing of the
electron beam the surfaces of elements become "cleared",
small defects are eliminated. At the same time, with
the increase of Fy to 7-107 W/m2, the area of the men-
tioned defects decreases 1.8-2.7 times. Study of topology
of surfaces of elements before and after electron-beam
processing shows that in the first case the magnitude of
microroughness is 30-40 nm, and in the second case it
is reduced to the level of 0.5-1.2 nm.

Detailed research of the surface structure of the op-
tical glass elements by AFM methods allowed to deter-
mine the following influence of modes of electron-
radiation technology on the microroughness size: in-
crease of Fn from 7-106 W/m2 to 8108 W/m2 and de-
crease of V from 3-10-2m/s to 5:10-2 m/s leads to re-
duction of the microroughness magnitude from 5-6 nm
to 0.7-1.2 nm (Fig. 1).

The study of the surface layer structure of optical
glass elements before and after electron-beam pro-
cessing showed that the maximum depth of the zone of
the main thermal layer or the thickness of the melted
hm layer is essentially dependent on F, and V (Fig. 2)
and can achieve magnitude of 300-350 microns, which
exceeds the maximum allowable value of hfn =100-150

. . .. ¥* g .
microns with some critical values of F,,; and V,; (i=1,
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2, ...), which leads to the formation of the influxes and
wavelike sites on the surface of elements that results in

Fo, 100 W/m2

a

J. NANO- ELECTRON. PHYS. 11, 02014 (2019)

violation of its flatness and, ultimately, to the geomet-
ric shapes violation.

Fo, 10" W/m2

b

Fig. 1 — Dependencies h(F,, V) for the optical glass elements TF10 (a) and BK10 (b): 1 — element not processed by electron beam;

2 — element processed by electron beam
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Fig. 2 — Dependencies A(Fy, V) for the optical glass elements BK10 (a) and K8 (b): 1 — maximum allowable value of A*; 2 — values

of hm obtained by electron beam processing

It is found, that the layers on the surface of optical
glass elements modified by electron beam have changed
in different degrees the chemical composition. Thus,
the analysis of change of element composition of layers
10...20 microns thick on the surface of optical glass
elements K8 showed reduction of Na and O concentra-
tions, increase of Si concentration and constant K con-
centration. At the same time, on the example of raw
and processed by electron beam optical glass elements
BK10 it is shown that the noticeable quantity of chang-
es in the chemical composition of layers on their sur-
face is not observed, but it is possible to make a conclu-
sion about improvement of distribution uniformity of
elements in the microvolumes of surface layers after
electron processing.

It is also determined that electron-beam processing
of optical glass elements by melting leads not only to
homogenization of layers, but also to the oriented ad-
justment near the surface of the silicon oxygen glass
lattice, which becomes close to the structure of the
quartz glass. This is due, mainly, to extraction of K
ions, as well as other elements — modifiers at the simul-
taneous influence of high temperatures on the surface
(up to 1200-1300 K), which leads to improvement of the
stability of optical elements to the external thermal
and mechanical influences.

As a result of the studies, it was shown that irre-
spectively of the ceramics nature (KO1, KO2, KO5) in

the surface layers of elements that are processed by
electron beam, with the increase of Fn to 1.5:107 W/m?
and of V to 2:10-2 m/s the noticeable phase changes are
not observed, but there is an increase in mosaic blocks
by 3.1-7.8 times and decrease of the microdistortions of
the crystalline lattice by 1.2-6.3 times. Analysis of the
obtained changes in the parameters of crystalline lattices
after electron-beam processing showed the presence of
compressive stresses in thin surface layers of elements
at the depth of 40-60 microns for the central part of the
treated areas (area size 4:10-2-5-10-2 m) in the consid-
ered ranges of changes in the parameters of electron
beam: for optical ceramics elements KO2 up to
30-40 MPa; for optical ceramics elements KO1 up to
60-70 MPa; for optical ceramics elements KO5 up to 55-
65 MPa.

The influence of modes of electron-beam technology
on the microhardness Hy of the surface of optical ce-
ramics elements is determined: the increase of F, to
1.5:107 W/m2 and of V'to 1.5:10 -2 m/s increases H, from
1.21-103-2.86-10% MPa to 4.84-103-7.15-103 MPa (Fig. 3).

It is established, that after electron-beam processing
of optical elements as a result of purity increase and
reduction of microroughness of the surface by its melt-
ing, change of chemical composition and restructuring
of the crystalline structure, formation of strengthened
layers with the compressive stresses increase their
resistance to external thermal and mechanical influ-
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ences. So, when Fu increases up to 8:108 W/m?2 and V up
to 5:10-2 m/s, the critical values of external heat flows
grow from 0.2:105-4.8-10> W/m?2 to 0.4-105-8.7-105> W/m?
for the time of their impact of 3-20 s (optical glass ele-
ments) (Fig. 4), as well as from 5.1-105-2.6-106 W/m?2 to
0.7-106-5.2:106 W/m? (optical ceramics elements) (Fig. 5).

H,, 103 MPa

Fn, 106 W/m2

a

H,, 103 MPa
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It is also shown that critical values of thermal elas-
tic stresses o' at heating temperatures 7'= 300-1200 K
for optical glass elements increase from 11-62 MPa to
17-115 MPa, and for optical ceramics elements from 75-
115 MPa to 148-281 MPa.

F, 106 W/m2
b

Fig. 3 — Dependencies Hy(F», V) for the optical ceramics elements KO1 (a) and KO5 (b): 1 — element not processed by electron

beam; 2 — element processed by electron beam.
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Fig. 4 — Dependencies q;(P, t*) for optical glass elements K8 (a) and TF10 (b): 1 — element not processed by electron beam and

2 — element processed by electron beam

qn*, 100 W/m?
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Fig. 5 — Dependencies q;(P, t*) for optical ceramics elements KO1 (a) and KO5 (b):1 — element not processed by electron beam;

2 — element processed by electron beam

In addition, test analysis of optical ceramics ele-
ments, which are strengthened with electron beam by
standard technique (finding the boundary values of the
critical height Her, from which the steel ball (d =4-10-3-
5:10-3 m) falls free, destroys the top of the item (immer-
sion of cracks, chips) showed that at the beam parame-
ters Fr=108-5.5108 W/m2 and V=10-2-5-10-2m/s, the

critical height, from which the steel ball drops, which
destroys the surface of the element, is: for raw elements
He=0.18-1.1 m, and for processed — H¢=0.37-1.35 m,
that is, for the elements, which are processed by electron
beam, the value of the H. 1.4-3 times exceed the value
for raw elements (Fig. 6).
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Fig. 6 — Dependencies H. (Fy, V) for optical ceramics elements KO1 (a) and KO2 (b): 1 — element not processed by electron beam;

2 — element processed by electron beam

The influence of electron-beam technology modes on
the spectral coefficient of optical elements k; (1 — wave-
length) is determined as follows: with the increase of Fn
to 8:108 W/m?2 and the decrease of V to 5:10 -3 m/s there
is an increase of k; of 4-6 % for optical glass elements
(the IR-transparency range from 0.76 microns to 2.25
microns) and by 5-7 % — for optical ceramics elements
(the IR-transparency range from 0.76 microns to 12.5
microns).

The analysis of the experimental researches allowed
to establish the following modes of the electron beam
technology, within which there is an improvement of
the considered performance characteristics of optical
elements (surface microhardness H,, spectral transmis-
sion coefficient k;, resistance to external thermal and
mechanical influences): F,, = 7-106-8- 108 W/m2, V= 5-10-3-
5:10-2m/s.

It is determined (Table 1) that after finishing elec-
tron beam processing of surfaces of optical elements of
the devices for parameters of the beam by determined
optimal ranges of their application, geometric form
deviation from the established ones corresponds to
those accepted in instrument making. In this case, the
surface purity of optical elements in P class after elec-
tron beam treatment rises by one purity class (for ex-
ample, for aerial photoshooting lenses from the VI to V
class; for mirrors — from IV to III, etc.).

It is determined that the increase of F. to 8108
W/m? and reduction of V to 5:10-3 m/s leads to the rise
in temperature of surface layers of optical elements to
1200-1300 K, which results in the increase of volume
heat capacity Cv(T) by 1.8-2.5 times, coefficient of heat
conduction A7) by 1.9-2.7 times and thermal coefficient
of linear expansion ar(7T) by 1.1-1.2 times (Table 2).

Table 1 — The values of tolerances on the quality indices of optical elements, which are raw and processed by electron beam

(Fy =510 Wim?, V= "7-10-% m/c)

Tolerances on the surface of elements by
Flexure No, rocessed | PuUrity class
Elements of opto- Nprocessed Form ANo, ANP Py, Pprocessed
electronic devices
No Nproc ANo ANproc Po Prroc
Lenses colmators and astronomy 1-3 3 0.2-0.3 0.2 VIII VII
airophotoshooting 1-3 3 0.1-0.5 0.5 VI \
photographic 3-5 5 0.3-0.5 0.3 VI \
Glasses, magnifiers 3-5 3 0.5-0.1 0.5 \Y v
Prisms displaying 0.5-1 0.5 0.1-0.3 0.1 111 11
refracting 2-4 2 0.5-1 0.5 I\ III
Filters opposite and behind glasses 5-10 5 0.8-2 0.8 111 11

Note. The following designations are adopted: No, ANo, Po, Nvroe, ANproc and Prroc that are the values of the quality
indices of raw and processed by electron beam optical elements, respectively.

In conclusion, it is necessary to note, that the ob-
tained experimental research results and developed on
their basis methods of improvement of performance
characteristics of optical elements have found a practi-
cal application and introduction in a wide range of
Ukrainian enterprises (Special instrument-making
enterprise "Arsenal", V.E. Lashkaryov Institute of Sem-
iconductor Physics of NAS of Ukraine (Kyiv), PJSC

"Avikos" (Lviv), State Enterprise Research and Produc-
tion Complex "Photoprylad" and SPPB "Fotonika Plus"
(Cherkassy), which allowed to increase the accuracy
and broaden measurement ranges of impulsive range
finders for 7-15 %; to increase the probability of flaw-
less performance of optical fairings of infrared guidance
and observation devices and fiber-optic beam guides of
laser medical devices while performing at 10-20 %.
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Table 2 — Change ranges of thermal physical characteristics of optical elements on heating temperatures 7= 300-1300 K influ-

enced by electron beam

Optical material
Thermal and K8 BK10 TF10 KO1 KO2 KO5
physical characteristics
Cv'10-6, J/m3K 1.71-3.37 1.77-3.65 1.80-3.91 0.73-1.52 2.1-4.8 1.44-3.89
A, Wtim K 1.05-2.03 1.15-2.39 0.67-1.13 15.1-31.5 17.1-42.5 44.3-93.1
ar108 K-1 7.6-9.1 6.8-8.5 7.8-10.2 11.7-17.3 9.7-13.6 10.8-14.1

4. CONCLUSIONS

1. New influence regularities of modes of electron-beam
processing on quantitative displays of surface layers
quality of optical glass and ceramics elements are es-
tablished:

— the surface of optical glass elements is completely
cleared of defects (cracks, scratches, etc.), which were
obtained at their mechanical polishing; at the same
time, there is an increase of purity class, the reduction
of microroughness to 0.4-1.3 nm;

— 1in the optical glass elements there is a surface melt-
ing at the depth of up to 130-220 microns, while the
flatness is not violated; homogenization of the chemical
composition of hydrolysis products is realized, as well
as approximate restructuring near the surface of the
silicon-oxygen lattice of the glass, which becomes close
to the structure of quartz glass;

— 1in the optical ceramics elements there appear com-
pression tensions up to 30-70 MPa in strengthened
surface layers of 90-210 microns thick.

2. For the first time modes of electron-beam tech-
nology are found (thermal impact density F,=7-10¢-
8108 W/m2, travel speed of electron beam V=5-10-3-
5:10-2 m/s), within which there is an improvement of
the performance characteristics of optical elements:
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OUMIILYETHCS BiJT JIe(DEKTIB, IPU I[bOMY BI0OYyBAETHCS MIIBUINEHHS KJIACY YHUCTOTH, 3MEHITIEHHS MIKPOIIOPCT-
rocTi mo 0.4-1.3 HM; TOBIIWHY OILUIABJIEHOIO IMApy; 3MIHY CTPYKTYPH Ta XIMIYHOTO CKJIay; CTHCKAIOUYl Ha-
IPY?KEeHHS Ta TOBIMUHY 3MIITHEHUX IIApPIB — y €JeMeHTax 3 ONTUYHOI KepaMIiK¥ BUHUKAITH CTUCKAIYl Ha-
mpy:xerHs 10 30-70 MIla y sminHeHnx moBepxHeBHUX Imapax ToBIUHOKW 90-210 MrM. 3HANWIEHO ONITHMAJIBHI
PEKUMHU €JIEKTPOHHO-IIPOMEHEBOI TeXHOJIOTII (IYCTUHH TeryioBoro BILTUBY 7-106-8:108 Br/m? esexTpoHHOTO
IIPOMEHI0, MIBUIKOCTI #oro mepemirneHHs 5-10-3-5:10-2 m/c), AKl MOKPAIIYIOTh eKCIUIyaTaIllifHI XapaKTepuC-
THKHA ONTUYHUX €JIeMEHTIB: 301JIbIIeHHS MIKPOTBEPJOCTI MOBEPXHI Ta IMABUIIEHHS MIIIHOCTI IIOBEPXHEBUX
1rapiB, a TAKOXK CIIEKTPAJIBHOrO KoediIfieHTa MPOIyCKAHHS; MIIBUIIEHHS CTIMKOCTI €JIEMEHTIB JI0 30BHIIIHIX
TePMIUYHMX T4 MEXaHIYHUX BILIUBIB IpH iX ekcrryararii. [Ipu 1isomy BinOyBaeThCcsi 301IbIIEHHS TeMIIEep a-
TYPH MTOBEPXHEBUX ITAPIB €JIEMEHTIB Ta MIJBUINEHHS X TEIUIO(QI3UIHUX BJIACTUBOCTEH: 06 €MHOI TEIIJI0E MHO-
cTl, KoediIlieHTa TeIJIONPOBITHOCTI, TEPMIYHOTO KoedilfieHTa JIHIHHOrO poadrmupenHsa. OTpumaHi pesysabra-
TH eKCIIePUMEHTAJIbHUX JIOCHIPKeHb, a TAKOK PO3pO0JIeH] Ha IX OCHOBI METOJIU IOKPAIIEHHS eKCILIyaTa-
IMITHUX XapaKTEePUCTUK OITUYHUX €JIeMEHTIB, 3HAWIIIN MPAaKTUYHEe BUKOPUCTAHHSAM Ta BIPOBAKEHHS Ha
IUJTOMY PSifl MIIPHUEMCTB YKpPATHHU, 110 JO3BOJIUJIIO ITIIBUIIUTHA TOYHICTH Ta POIIIUPUTH T1aTTa30HN BUMIPIO-
BAHHS JAIHHOCTI IMITYJIBCHUX JIA3ePHUX JAJEKOMIpIB Ha 7-15 %; 301bIIuTH HMOBIPHICTH 0€3BIIMOBHOI PO-
ouTH onTUYHUX OOTIYHUKIB [Y-mpuia iB HaBeIeHHS 1 CIIOCTEPEKEHHS Ta BOJOKOHHO-OIITHYHUX CBITJIOBOIIB
JIa3epHUX MEIUYHUX IPHUJIAIB IpH erciuryararii Ha 10-20 %.

Knouosi ciosa: Onruro-emexrponni npuianu, Onruune ckso, Onruuna kepamika, EJeKTpoHHHN mpo-
MiHb, EXcIUTy aTaIfiifHi XapaKTepUCTUK .
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