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The widespread use of electron beam technology in optoelectronic instrumentation is constrained
by the limited data on the critical values of the parameters of the electron beam (density of thermal effect
of the beam, the time of this effect, etc.) on the optical elements of devices of various geometric shapes (flat,
rectangular and curvilinear elements, etc.), the excess of which leads to the destruction of their surface
layers (the appearance of cracks, chips, cavities, violation of surface flatness, etc.). Currently, the ranges of
change for these parameters for flat plates, rectangular bars, cylindrical and spherical elements have been
determined. However, the studies mentioned are absent for optical elements in the form of plates of double
curvature, widely used in integral and fiber optics, microoptics and other areas of optoelectronic instru-
mentation. The work is devoted to the development of mathematical models of the thermal effect of an
electron beam on optical elements in the form of plates of double curvature, that allow with a relative error
of 5... 7 % to determine the critical ranges of changes in its parameters (density of thermal effect, time of
its action), the excess of which leads to a deterioration in the physical and mechanical properties of the sur-
face layers in the elements up to their destruction. This allows to prevent possible deterioration of tech-
nical and operational characteristics at the stage of manufacturing devices with the usage of electron beam
technology.
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1. INTRODUCTION

The current level of development of optoelectronic
instrumentation puts forward increased requirements for
the performance characteristics of their optical elements
(microhardness of the surface, spectral transmission
coefficient, resistance to external thermal and
mechanical shocks, etc.), which affect the technical and
operational characteristics of devices (pulsed laser
rangefinders of devices of sighting complexes, laser
medical devices, IR devices, etc.) [1-4].

The widespread use of traditional methods of
preparation and surface treatment of optical elements
(mechanical, chemical, chemical-mechanical) has shown
that it is impossible to obtain simultaneously clean and
defect-free surfaces, as well as defect-free surface
layers, which leads to deterioration of the technical and
operational characteristics of optoelectronic devices.

Fundamental researches that have been carried out
in the field of development of new high-energy
technologies for processing various materials, including
optical materials, have revealed that the most
promising sources of energy for such technologies are
focused flows of ions and low-temperature plasma, laser
radiation, etc. [5-8].

However, the application, for example, of ionic and
laser surface treatment of elements revealed a number
of obstacles that limit the possibilities of their
widespread wuse in optoelectronic instrumentation
(violation of surface microgeometry; formation of local
high-temperature zones with large temperature
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gradients that lead to the emergence of critical thermal
stresses in materials and destruction of the latter; the
complexity of control (especially with a scanning laser
beam), etc.).

As practice has shown [1, 3, 9-12], the most
convenient, environmentally friendly and easily
controlled method of processing optical elements is the
electron beam method. The following possibilities were
shown: using a movable electron beam of tape form for
polishing elements from optical glass and obtaining
surfaces of high purity with minimal roughness, as well
as for strengthening elements from optical ceramics and
obtaining surfaces with increased microhardness and
thickness of reinforced layers by tens of microns.

However, the widespread use of electron beam
technology in optoelectronic instrumentation is
constrained by the limited data on the critical values of
the parameters of the electron beam (density of thermal
effect of the beam, the time of this effect, etc.) on the
optical elements of devices of various geometric shapes
(flat, rectangular and curvilinear elements, etc.), the
excess of which leads to the destruction of their surface
layers (the appearance of cracks, chips, -cavities,
violation of surface flatness, etc.) (Fig. 1). Currently,
the ranges of change for these parameters for flat
plates, rectangular bars, cylindrical and spherical ele-
ments [1, 3] have been determined: the distributions of
temperatures and thermoelastic stresses along the
thickness of the elements depending on the density of
the thermal effect of the beam ¢g» (W/m2) and the pro-
cessing time ¢ (s) have been found by calculation; by
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comparing the maximum values of thermoelastic
stresses | 0| max with their maximum permissible values
of ¢* for specific optical materials (optical glass K8,
K108, K208, etc.) and optical ceramics (KO1, KO2,
KO3, etc.)) the critical values of g»* and ¢*, which were
recommended for practical use in the electron beam
processing of various optical materials, were deter-
mined. However, the studies mentioned are absent for
optical elements in the form of plates of double curva-
ture, widely used in integral and fiber optics, microop-
tics and other areas of optoelectronic instrumentation.
Therefore, the purpose of this work is to develop non-
linear mathematical models of the thermal effect of the
tape electron beam on optical elements in the form of
plates of double curvature of different thicknesses,
taking into account the temperature dependences of the
thermophysical properties in the material (volumetric
heat capacity Cv(T) and the coefficient of thermal con-
ductivity A(T)) and allowing to find critical values of
processing parameters.

2. THE RESULTS OF THE RESEARCH AND
THEIR ANALYSIS

The considered plates are cut out elements with a
curvilinear surface having a double curvature ri, rz —
the main radii of curvature of the surface of the element
at z=0) and thickness H (Fig. 2). At the same time, as a
result of the thermal effect of the scanning electron
beam, a uniformly distributed heat flow gs(f) enters the
surface of the plate [18, 19].

Fig. 1 - Different types of destruction of optical elements
under the influence of an electron beam: cracks and chips (a, b,
¢), influxes (d), boiling (e) and wavy surfaces (f).

For the values used in practice H (H = (6...12)-10-3
m), the condition H >> § = 2:(ao®1)"2 is fulfilled 6§ — the
depth of the thermal action zone (m) is satisfied;
ao® — coefficient of temperature conductivity of optical
material (m?%/s); T — time external thermal action (s)) [1,
13-15], which means that the depth of penetration of a
heat wave into an element is much less than its thick-
ness and can be considered as a semi-limited curviline-
ar environment (07/0x = 0T/0y = 0). At the same time,
heat loss due to convection and radiation flow is not
taken into consideration. In this case, the equations of
the mathematical model of heat transfer in the plate
are presented as [16, 17]:

cun-a+ 2+ 2 L2 pen-ar 2y 52
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Using dependencies CW(T) and A(7) [1, 3]
Cy(D=CyT" , AD=AT", (4)

where Cw, Ao, v — are empirical constants, and also
taking into account that gs(t) = geo = const, we get
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Fig. 2 — Scheme of heating of the double curvature plate by
external thermal action from the electron beam: r1, r2— radii of
curvature of plate surface , m; H — plate thickness, m; qu(r, t) —
surface density of thermal effect, m?2

Used for solving (6)-(9) the method of integral
transformations (Laplace transform by variable ) [16]:

b(z.5)= [, O(z.1)-e=dt. (11)

We get the differential equation in the images
L{a+2)(+2)- 25+ 2)-(1+2)F=0, (12)
dz r ro’ 0z ) a% r r2 o

the solution of which for arbitrary radii r; and r2 cannot
be represented in elementary or special functions.

In the case of a sharp change in heat exchange
conditions on the surface of the plate at z= 0 in the first
period of time, large temperature gradients may occur,
which cause significant thermal stresses, especially
dangerous for optical materials with increased fragility.
These gradients usually exist for a short period of time
when the perturbations of the initial temperature
distribution in the plate extend to the depth z, small
compared to the absolute values of the radii of
curvature r1 and ra. If, after differentiating by z in
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equation (6), the absolute values z/r1 and z/r2 are
neglected in comparison with the unit, then it will take
the form of

d*0 do

S n—
ﬁ 'E_a_%'e 0, (13)
where x=%~(ri+ri) — medium surface curvature at
1 2
z=0;
%0 _a,
- |z=0_?’ (14)
A a0
6—0, (3)—>0, npu z— +. (15)

The general solution of the boundary value problem
(13) — (15) has the form [43]

:é_b. XZ2.]1-
H(Z’t) x {e [1 er’f(an.tl/2

Taking into account (10), (11) we get

T, y={Th + 000 oz [1-erf(—
Ao 2aq-t

Determination of thermoelastic stresses in the
surface layers of the plates. A non-stationary
temperature field in a plate with a thickness of "
H: T(z,t), where z € [0,H] that is, the temperature field

4 2ap-t /2

J. NANO- ELECTRON. PHYS. 5, 05030 (2023)

1
_ Gpag ¢ 0TI P
O(z,5)=12

s 2

apx+(agx+s) '

Denote B =ay-x and estimate its value for optical

. 2
glass (ceramics). For a2 =06-10"M"/s 1, ry =
1072 m (corresponds to the real radii of curvature of
the plate surface (curvilinear rasters, etc.)) and get

that f=10"2, that is, for the elements under
consideration f « 1.
Considering the following, we get
B b e'aio'$+sl/2) 17
(2,8)_‘1—61.@. a7
Now on the table of images [16] we find:
)-e0 L [1-erflag x t+——-)]}. (18)
2ap°t 72
1 1
)]-e3 4 [1-erflag -t 72+ —)I}. (19)

in the plate changes only in its thickness. At the same
time, as shown in [17], for an unlimited, surface force
free plate with the ends free from fastening, the
components of the stress tensor have the form of:

E
Oy =0, =01y =0,,=0 , 0y, =0, =0(z,1) = —alT__V T(z,0)+C1+Cye2, (20)
where the axes of coordinates x, y lie on one of the the edges of the plate equal to zero, i. e.
boundary surfaces of the plate, for example, the lower, = =
and x € [0, H]; the constants Ci and C: are derived from fo o(z,t)dz Zfo z-0(z,t)dz =0. (21)

the following conditions: for any temperature field
T(z, t) the resulting force and the resulting moment per
unit of length that are conditioned by these stresses at

H
E(z,t)=%~(— T(z,t)+§-(2ﬂ— 32)- fo T(z,t)dz — %(H— 22) [} 2 Tz t)dz),

The obtained formulas (19), (22) allow, with the help
of known physical and technical characteristics of
optical glass and ceramics, as well as the developed
application packages [1, 3, 5, 6], to carry out
calculations in dialogue mode and real-time mode on
modern PCs of temperature distributions and
thermoelastic stresses in the surface layers of optical
plates of double curvature of different sizes depending
on the main parameters of the electron beam (the value
of thermal flow ¢» and the time of its action ¢) and
determine their critical values of ¢»* and t* from the
condition
>0, (23)

|01 max

where ¢* is the tensile strength of optical materials.

As a result of the conducted calculations (Fig. 3-5), it
was found that at the thickness of the plate thermal
stresses are located in the following way: compressive
stresses take place near its surface (o<0,
| ol max=4,3-107 ... 4,8 - 107 N/m2 — for optical glass
K208 Ta| ol mex=2,1-108...2,9 - 108 N/m? — for optical
ceramics KO1).

A mutually unambiguous correspondence has been

Determining from here the constants Ci and C2 and
substituting in (20), we get

(22)

established between the parameters gwo* and t*: for
optical glass — an increase in the values of ¢* from 0,1 ¢
to 1,2 s leads to a decrease in the values of gso* from
2,5-107"W/m2 to 1,5-107"W/m2, and for optical
ceramics — an increase in the values of ¢* from 0.5 s to
1.9 s leads to a decrease in the values of qso* from
2,6 - 107 W/m2 to 2,2 - 107 W/m?2.

Comparison of the results of calculations (see
Figs. 4, 5) with experimental data showed that the
differences between them do not exceed 5 ... 7 %.

|otmax
107 N/m?
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Fig. 3 — Distribution of thermal stresses over the thickness of
the plate of double curvature from optical glass K208 (a) and
ceramics KO1 (b) depending on the external heat flow gso (70 =
300 K; H=0,04 m; ri, 2 =0,02...0,03 m; ¢t =0,5s): 1 — qro =
2,5:107 W/m2; 2 — gpo = 7,3-107 W/m2.
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Fig. 4 — Dependence of the module of maximum thermoelastic
stresses | 0| max in a double curvature plate made of optical
glass K208 (a) and optical ceramics KO1 (b) from the time of
external thermal action for different values of external heat
flow( To = 300 K; H = 0,04 m; r1, r2 = 3-10-2...9:10-2 m): 1 —
gro = 7,3-107 W/m2; 2 — qpo = 2,5:107 W/m?2; ¢t~ critical action
time, s; — calculation results; — — — — — strength
limit of optical material ¢
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Fig. 5 — Dependence of the module of maximum thermoelastic
stresses | 0| max in a plate of double curvature made of optical
glass K208 (a) and optical ceramics KO1 (b) from the external
heat flow for different times of its action(70 = 300 K; H = 0,06
m; ry, r2=310-3...910-2m): 1 —¢t=12¢;2-t=02s; 3 —
t=01s;4-t=9s;5-t=6¢; 6—1t=0.5s; qno* — critical
values of the external heat flow, W/m?; — the results
of calculations; — — — — — — — tensile strength of optical
material ¢*

In conclusion, it should be noted that the developed
mathematical models and methods for determining
the critical values of the parameters of the electron
beam (density of thermal exposure gs* and the
duration of its action t*) by the microprocessing of
surfaces of optical elements allow to create a
scientifically based method for determining the
optimal modes of finishing electron beam processing of
elements in optoelectronic devices at their production
stage. The practical use of this method allows to
prevent possible deterioration of the technical and
operational characteristics of the devices during their
operation.

3. CONCLUSIONS

Nonlinear mathematical models of thermal
influence of the electron beam on optical plates of
double curvature have been developed, which take into
account the temperature dependences of the
thermophysical properties of materials (volumetric
heat capacity, thermal conductivity coefficient) and
allow to determine the distributions of temperature
and thermoelastic stresses through their thickness
with a relative error of 5 ... 7 %.

For the first time, the following influence of the
parameters of the electron beam (heat flow gr and the
time of its action t) on the value of the maximum
thermoelastic stresses in the considered elements was
determined: an increase in geo from 1,5-107 W/m?2 to
2,5-10"W/m2 and ¢ from 0,1s to 1,9s leads to an
increase in maximum thermoelastic stresses of 1.2 ... 1.4
times for optical glass and 1.5 ... 2.4 times — for optical
ceramics.

For the first time, critical ranges for changing the
parameters of the electron beam have been determined
(gvo*, t*). These ranges depend on the nature of optical
materials, the excess of which leads to the destruction
of the surface layers of optical elements and the
deterioration of the technical and operational
characteristics of the devices up to their failure.
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BusnavyenHa KPpUTUYIHHUX 3HAYEHDb [IAPAMETPIB €JIEKTPOHHO-IIPOMEHEBOI
MiKPOOOPOOKHU ONTUYIHUX ILNIACTUH JBOAKOI KPUBU3HU

1.B. Amenxo?!, B.C. Auronwok2, B.I1. Macmos3, B.A. Bamenxo!, C.O. Komiuskol, T.I. Byrenxo!

L Yepracorkuil depocasHull mexnono2iunull yuigepcumem, oyn. Illeguenka, 460, 18030 Yepracu, Yrpairna
2 Hauiornanvruti mexniunull ynisepcumem Yrpainu «KIII im. Ieops Cikopcevroeor, npocn. Ilepemoeu, 37, 03056
Kuis, Yrpaina
3 Incmumym ¢bisuxu nHanienposionukxis im. B.€. Jlawrkapvosa HAH Yrpainu, npocnekm Hayru, 41, 02000 Kuis,
Yrpaina

Illupore BUKOPHUCTAHHS €JIEKTPOHHO-IIPOMEHEBOI TEXHOJIOTIl y OITHUKO-eJIeKTPOHHOMY IIPHIIAf00yIy-
BAHHI CTPUMYETHCSI OOMEKEHICTIO JAHUX PO KPUTUYHI 3HAYEHHS [IapaMeTPiB eJIEKTPOHHOIO IIPOMeHIo (Iy-
CTHHU TEIJIOBOIO BIUIUBY IIPOMEHIO, YaCy I[bOr0 BIUIUBY Ta 1H.) HA OIITWYHI €JIEMEHTH IPUJIAJIB Pi3HOI reo-
MeTpUYHOI popMu (IJIOCK], IIPSIMOKYTHI Ta KPUBOJIHIMHI €JIEMEHTH Ta 1H.), IePEBUIEHHS SKUX IPU3BOIATH
JI0 PYMHYBAHHS 1X TIOBEPXHEBUX IMIapiB (II0ABa TPINIWH, BIIKOJIIB, 3aMlayH, ITOPYIIIEHHs IIJIOIMHHOCTI IOBe-
pxHi Ta iH.). Ha maHwii yac Bu3HA4YeHO [Jlama3oHW 3MIHM BKA3aHUX [TapaMeTpiB JJIs ILJIOCKUX IIJIACTHUH,
IPSIMOKYTHHX OpPYCKIB, IMUIIHAPUYHIX Ta chepryHux exeMeHTIB.OqHAK BKA3aH] JOCIIPREHHS BIJCYTHI IS
OIITUYHUX €JIEMEHTIB y BUTJISI/I IUIACTUH JABOSIKOI KPUBU3HU, IIIMPOKO BUKOPUCTOBYBAHUX Y IHTETPAJIbHIN Ta
BOJIOKOHHIHM ONITHII, MIKPOOIITHIN Ta 1HIINX HAIIPABJIEHHSX OIITUKO-eJIEKTPOHHOTO IIpuianodyayBauus. Po-
6oTa IpHCcBsYeHAa PO3POOIEHHI0 MATEMATHYHUX MOJIeJIel TEIJIOBOTO BILJIUBY €JIEKTPOHHOIO IIPOMEHIO HA OII-
THUYHI eJIEMEHTH Y BUTJIAIL IUIACTUH JBOSKOI KPUBU3HH, 10 JO3BOJIAITH 3 BIIHOCHOIO IIOXUOKOIO 5...7 % BH-
3HAYATH KPUTHUYHI JIAIa30HA 3MIHHK HOro Imapamerpis (IYCTHMHN TEILIOBOrO BILIUBY, Yacy Horo mii), mepesu-
LIEHHA AKUX IIPU3BOAUTD [0 MOTIPIIeHHA (PI3MKO-MeXaHIYHIX BJIACTHBOCTEH MOBEPXHEBHUX IIIAPIB €JIEMEHTIB
ax 70 ix pyinyBauHsa. lle m03Bosisie HA cTajii BUTOTOBJIEHHSI NPUJIAIB 3 BUKOPHUCTAHHSAM €JIEKTPOHHO-
IIPOMEHEBOI TEXHOJIOTI IMOImepe AT MOKIINBI IIOTIPIIEHHS IX TEXHIKO-eKCILIYATAlIMHAX XaPAKTePUCTHK.

Knrouori cnora: Onruko-eseKTpoHHe Npmiiago0yAyBaHHsa, KjeMeHTH 3 OITUYHOIO CKJIA TA KepPaMiKW,
Estexrponno-nmpomenesa TexuoJoriss, ['paHuYHO JOMycTUMI TEPMOIIPYKHI HAIIPY/KEHHS Y ONTUYHUX eJIeMe-
HTaX.
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