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As practice has shown, the most erratic, environmentally friendly, and easily controllable way of opti-
cal element treatment is the electron-beam method. However, the widespread use of electron beam tech-
nology in optoelectronic instrumentation is hampered by the lack of methods for determining optimal
modes of electron beam microprocessing of optical elements, representing a set of controlled parameters of
the electron beam (current of the beam I, = 50...300 mA, accelerating voltage V; = 4...8 kV, distances to the
treated surface [=6-10-2... 8-10-2 m, beam movement speed V=5-10-2...5:10-3 m/s, heat exposure time
t=0.3...1.0 s), excess of which leads to a number of undesirable phenomena, that harm the quality of the
surfaces to be treated.There have been developed the mathematical models of the process of heating ele-
ments from optical glass and ceramics of various geometric shapes and sizes (thin film elements, thin
plates of high size) by a moving belt electron beam, which allow to calculate the influence of its parameters
on temperature fields in treated elements. It was established that the increase in the Ir and Vy parameters
in the specified ranges leads to an increase in the maximum surface temperature of optical elements by
more than 2 times, and the decrease in the parameters [ and V by less than 1.5 times. Optimal values of
the parameters of the electron beam are determined, the excess of which leads to the appearance of cracks
and splits in the surface layers of elements, violation of their geometric shape and deterioration of the met-
rological characteristics of the devices up to their failure.
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1. INTRODUCTION

The modern level of development of optoelectronic
instrumentation puts forward increased requirements
for the operational characteristics of their optical ele-
ments: microhardness of the surface, spectral transmit-
tance, resistance to external thermal and mechanical
shocks, etc., which affect the technical-operational
characteristics of devices (impulse laser rangefinders of
sighting complexes, laser medical devices, IR devices,
etc.) [1-5].

As practice has shown [3, 6, 7], the most erratic, en-
vironmentally friendly, and easily controllable way of
optical element treatment is the electron-beam method.
The possibilities of using the moving elementary beam
of the tape form were displayed for polishing elements
from optical glass and obtaining high purity surfaces
with minimal roughness, as well as to strengthen ele-
ments from optical ceramics and obtain 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 ham-
pered by the lack of methods for determining critical
modes of electron beam microprocessing of optical
elements, representing a set of controlled parameters
of the electronic beam (current of the electric flow Ip
(mA), accelerating voltage V, (kV), distance to the
processed surface [ (m), the movement rate of the beam
V (m/s), etc.), excess of which leads to a number of
undesirable phenomena, that harm the quality of the
surfaces to be treated.
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Thus, for optical glass, the surface temperature be-
gins to exceed the temperature of the liquid state T°
when its flow increases sharply (for example, for glass
K8, K08, BK10 — 7*=1300... 1500 K [8, 13]), which
leads to intensive surface evaporation, significant de-
formation of the melt on the surface and, ultimately, to
significant violations of the flatness and geometric
shape. For optical ceramics, the surface temperature
begins to exceed the temperature of intensive structur-
al changes start in the surface layers of ceramics 7"
(for example, for ceramics KO1, KO2, KO5 -
T =1100... 1200 K [2, 3, 8]), which cause a sharp in-
crease in the absorption of radiation in the IR-area of
the spectrum, that is, the reduction of their IR-
transmission coefficient and deterioration of the tech-
nical and operational characteristics of devices.

Therefore, when using electron beam technology for
micro-treatment of surfaces from optical elements, it is
necessary to have methods for determining the influ-
ence of controlled parameters of the electron beam on
the maximum processing temperature 7 in order to
detect and control the critical change ranges in ray
parameters that lead to exceeding the above-mentioned
temperatures 7" and 7. Today, the research in this
direction is very limited: mathematical models have
been developed and optimal change ranges in the pa-
rameters of the electron beam are determined only for
the simplest elements in the form of flat layers and
rectangular elements [10-14]. At the same time, these
studies are absent for a wide class of other optical ele-
ments (for example, thin film elements, thin plates of
large sizes, etc.), which are widely used in microoptics,
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integral and fiber optics, nanoelectronics (planar wave,
substrates of optical integral circuits, window visibility
of IR guidance and surveillance devices, etc.) [3, 10].
The purpose of this work is to develop mathematical
models of thermal influence of a moving electron beam
on thin-film elements, as well as large-size plates made
of optical glass and ceramics to calculate the depend-
ences of the maximum temperatures on their surfaces
on the controlled parameters of the electron beam and
determine the optimal ranges of their change.

2. RESULTS OF THE RESEARCH AND THEIR
ANALYSIS

As practice shows [3, 10], when processing optical
materials with a moving electron beam, mainly its
single loop motion is used.

As a result of the conducted research on the probing
of the electron beam [9-13], it was found out that the
beam has a normal (Gaussian) division of energy flow
density (or heat flow density) ¢ within the thickness of
the electron beam (Fig. 1):

q (x) _ B (Ib’Vy) . kq (Ib’l) . el

y B.H T erf[b(L0) -k (1,0) | )
lx|<b, 0, |x|>b
where P, (Ib,Vy) =1,,V, —beam power in the center of
impact, W; 2

ko (1,,1) = 9.367-10" ~7.8598-10° -1~ (5.10* ~1.3-10%1)- I, —

beam concentration coefficient, m2; 3)
b(L0) =228 ()
k, (I b,l)

In addition, when constructing mathematical mod-
els of thermal influence of the electron beam on optical
elements, temperature dependences of thermal proper-
ties of optical materials (volumetric heat capacity C\(7T)
and thermal conductivity coefficient A(7T)) were taken
into account [3, 11-14]:

Cy(T)=Cyy-T", 2(T)=2-T", (5)

where Cw, Ao, v are empirical constants, which depend
on the nature of optical material.

In this case, the geometric appearance of the model
according to coordinates (one-dimensional, two-
dimensional and three-dimensional) is determined by
the ratio between the depth of the heat diffusion (depth

of heat wave penetration & =2-\a; -7 (aj = CA coeffi-
Vo
cient of temperature transmission, m?/s; ris the average
influence time of the beam on the optical element, s)) [8-
11, 14], with the thickness of electron beam 2b, thick-
ness H and width B of the treated optical element.
Thus, if 5§<2b and 6> H, B, it comes that the tempera-
ture field in the element is one-dimensional (along the x
coordinate); if 6<2b, H and 6> B — the temperature
field is two-dimensional (along the x and z coordinates);
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and, at last, if 5< 2b, H, B, then the temperature field is
three dimensional (along the x, y, z coordinates). Fur-
ther, if, for example, < H, the heat exchange on the
underside of the element does not affect the temperature
field in the element, that is, the element along the Oz
axis can be considered as a semiendless medium, and if
8~ H, then the indicated heat exchange already affects
the temperature field and must be taken into account.

Fig. 1 — Scheme of thermal influence of moving belt electron
beam on the optical element: ¢ is the thermal flow normally
distributed along the x and evenly along y axes, W/m2; 2b, B
are the thickness and width of the electron beam, m; V is the
beam movement speed, m/s

The following is based on the well-known methods
of thermal conductivity theory, taking into account
small speeds of motion of the electron beam
(V << 103 m/s, which allows to use a simpler equation of
thermal conductivity of parabolic type to calculate tem-
perature fields, instead of a much more complex equa-
tion of thermal conductivity of hyperbolic type) nonlin-
ear mathematical models of the process of heating flat
optical elements of small thickness by moving electron
beam of tape form, temperature dependences of ther-
mal properties (thermal conductivity coefficient, volu-
metric heat capacity) of the processed materials and
allows to calculate the effect of these beam parameters
on temperature fields in optical elements, in particular,
on the above-mentioned temperatures 7" and 7.

Mathematical model of heating process of a thin
film element. While considering a thin-film element,
the following conditions are fulfilled: 6> B, H and

6< 2b, that is aa—T = %—T =0 (one-dimensional tempera-
)y Z

ture field T(x, #)). In this case, the density of energy flow ¢
becomes a dimensional heat source ¢ux) (W/m3), that
moves in the direction of the Ox axis at speed V (Fig. 2):

o()= P, (Ib’Vy). ko (1,,0) . TS
: BH T erf[b(1d) -k (I,0) | )
‘x‘ <b, 0, ‘x‘ >b
The equations of the mathematical model of the
process of heating and rolling the considered element

(in a moving coordinate system associated with the
heat source) have the same representation [6, 14]:

oT 0 oT oT
C,(T)===2|A(T)- == |+C, (T) V-Z= 0, (7
V()% 6x{ ™ 6x}+ V() V-5t @)e0
—00 < X < 400 , ®)
TﬁTo,aafT—)qu(x)eo at x >tm. (9
X
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Fig. 2 — Scheme of the heating process of a thin film element
by moving electron beam: 2b is the beam thickness, m; B, H
are the width and thickness of the element, m; V is the beam
movement speed, m/s; g/x) is the dimensional function of
thermal radiation, W/m?3

Considering dependences CwW(T) and A(7T) and intro-
ducing new variables

0(x) =T 13", @, (x)=""L g, (x), (10)

Cvo
we get a system of equations:
2—;=%-%+V~%+@V(x), (11)
4, =0, (12)
-0, %—)0, @, (x)>0at x >0 (13)

(v+1)-By (L, V,) o (1,.0) e 20, 4a;
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Next, let us bring the system of equations (11)-(13)
to the fundamental form (Fourier form) by substitution
[13, 14]

0(x,t)=0(x,t)- e (14)
\% V2
where ﬂ:—ﬁ,ﬂ:—g .
0 0

By substituting (14) into (11)-(13), we get a funda-
mental equation of thermal transmittance with initial
and limit conditions:

00 , %0
9O _q2.2Y

o o+, (%), (15)

=0, (16)

60, 2——)0, @, (x,t) >0 at x —+0, (17)
x

. V. V2:t
where @, (x,t)=®, (x)-e%g da (18)

To solve the system of equations (15)-(17), the
method of integral Fourier integral transformation is
used for unlimited environments [11-14].

Using (10) and (18) and taking into account (6), fi-
nally, to solve the original problem, we obtain an ex-
pression for T(x,f), that allows to calculate the effect of
the electron beam parameters on the temperature field
in a thin-film optical element:

V2.r4agky (I, 1) -V 2x+V(t-7)]
da;  4a? »[1+4a§»k,,([b,l)-(t—r)]

Va Vit

e

T(x,t) =0 +

207z -Cyy -H-B~erf(b(1b,l)~\/k0(Ib,l))

.(J; \/1+4a§~k0(1b,l)'(t_f) ’

«|erf| — 1
2a, Nt-7

b(L ) \[1+ 402 ky (L.0) (- 1) +

+erf

1
2a,Nt-7

Oxy)

Hy

Fig. 3— Scheme of the heating process in a thin plate of
large sizes with a moving electronic beam: B, H, L — width,
thickness and length of the plate, m; V — beam movement
speed, m/s; @.x,y) — dimensional function of heat emission,
W/ms3; 2b, 2¢ — thickness and width of the beam, m

Mathematical model of the process of heating a thin
large-size plate. For the considered thin large-size
plate, the following conditions are met (Fig. 3): §< 2b,

| (I, 1)L+ 402k (I,.0) (- 7) -

x+V-(t-1) . (19)
JL+4a? ko (1,,0)-(t-7)

x+V-(t-7) gt
J1+4ad -k (1,0)-(t-7)

2¢ and 6> H, that is 2—T=O (two-dimensional field
z

T(x,y,t)). In this case, the energy density ¢ becomes a
three-dimensional heat source:

B PO (Ib’Vy) ) kO(Ibyl) ' e’ko(lb«l)‘xz
Q,(x,y)= erf[b(Ib,l)~ o ( zb,l)}’ (20)

2.-C-H T

x| <b, |3]<c,0, |x|>b, |y]>c

where parameters PO(Ib,Vy),kO(Ib,l),b(Ib,l) are de-

termined by formulas (2)-(4).

In this case, the heat source moves along the Ox
axis at a speed V. The equations of the mathematical
model of the heating process in the plate (in the moving
coordinate system associated with the heat source)
have a representation [2, 14]:
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cV(T).‘Z:i[z(mg};{ﬁmg}

oT
+CV(T)'V'E+QV(x7y)> (21)
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T\H):To, (22)
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oT oT

T—>T,— 6——>OQ (x,9) >0 at x,y —> 0. (23)
y

Considering dependences CW(T) and A(7) and using
the famous method of Fourier integral transformations
(first along the x coordinate, and then along the y coor-
dinate) [2, 14] and taking into account (22), we get the
final expression for 7T(x,y,t), that allows to calculate the
impact of electron beam parameters in the thin large-
soze plate:

V2. 4agky (I, 1)x* -V 2x+V (t-7)

Ve Vie , 4ad 4a§-[1+4a§-k0(1,,,1)«(t—r)]
0205 40y e

T(x,y,t) =Ty +

SJZ.c-H-AO cerf | b(L,,0): [k (I, }

0 (L+dal ky(L.0)-(t-7)

c-)y

1+4ag ko (1,,0)-(t -

x+V~(t—r)

c+y
x{erf[zao'\/t_—T]-rerf[zao'\/t__T]]. erf \/

4a§ -(t —T)

) {b([b,l)+

1

1+4ag -k (1,,1)-(t

- D + (24

x+V-(t-

f[ Jlﬂai'a’}‘).((?i?j(t_r) .[b(l,,,z)_

Determination of the influence of electron beam pa-
rameters on temperature fields in elements made of
optical glass and ceramics, selection of critical heating
modes and correlation with experimental data. When
choosing the critical modes of processing optical glass
and ceramics by a moving electron beam, it is necessary
to be able to predict the effect of controlled beam pa-
rameters on the maximum processing temperature Tn
in order to determine and control the ranges of critical
changes in these parameters, the excess of which leads
to the excess of the specified temperatures above 7" (for
optical glass) and T"" (for optical ceramics), that is, the
fulfillment of the following conditions:

1) For optical glass: T, < T" at I;l <I,< I;Z ,
Vi<V, <V, L <I<l,, V[ SV<V,, t <t<t,, (25)
2) For optical ceramics: T, < T at I ;; <I <] ;; ,

v <V, <V,

yl — y2

‘/1** SVS ‘/2** ,
" <t<t, (26)

Using the well-known physical and mechanical
properties of widely used elements of optical glass K8
and optical ceramics KO1 [3, 10-13], as well as with the
use of special application programs [2, 3, 14] in dia-
logue and real time modes on the up-to-date computers,
calculations were performed for the maximum pro-
cessing temperature T (temperature in the zone of
influence of the moving electron beam) from the beam
parameters under consideration. For a clearer idea of
the existence of optimal ranges of changes in electron
beam parameters for optical elements of geometric
shapes under consideration (thin-film element, thin
large-size plate), the results of calculations are shown
in a three-dimensional form in Fig. 4 and Fig. 5.

The calculation results presented in Fig. 4 and
Fig. 5 show that for treatment times ¢>¢"
(t*=0.3...0.4 s for glass K8; t*=0.5...0.6 s for ceramics
KO1) the heating process for optical glass as well for
optical ceramics enters the quasi-state regime, mean-

" <1<,

z_) v+l
1+4a§-k0(1b,l)-(t—r)ﬂ “ro

ing that T» does not change with time; thus ¢* value
practically does not depend on beam parameters. By
the level of influence of T value, beam parameters are
arranged as such a series: I, V, Vy and [. Quantitative-
ly, the degree of their impact on Tn is assessed in such
a way: at increasing Ip from 50 to 300 mA, the value of
Tm increases (for glass K8 by 2.5...2.7 times; for ceram-
ics KO1 by 1.5...1.9 times); an increase in V from 5-10-3
to 5:10 -2 m/s leads to the decrease in T (for glass K8
by 1.4...1.6 times; for ceramics KO1 by 1.3...1.4 times);
an increase in V) from 4 to 8 kV responds to the in-
crease in T (for glass K8 by 1.3...1.5 times; for cer-
smics KO1 by 1.2...1.4 times); an increase in [ within
the limits of 6-10-2...8:10-2 m leads to the decrease in
Tm by less than 1.2 times.

Analysis of the calculation results from the point of
view of the above-mentioned optimal change ranges in
the electron beam parameters shows that such ranges
exist in the process of electron beam processing of ele-
ments from both optical glass and optical ceramics:
glass K8: for t=0.7s, V,=8kV, [=610-2m and
V=310-2m/s we have 121 =63 mA <], < I;2 =167 MA;
fort=0,7s, Vy=5kV,[=610-2m and V=3-10-2m/s we
I, =55 mA<I, <I,, =290 mA; for ¢t=0,7s,
Ir,=300mA, V,=5kV and [=610-2m we have
V) =610-3m/s <V <V, =1,810-2 m/s; t=0,7s,
I,=100mA, V=710"2m/s and [=6-10"3m we get
V, =52kV <V <V, =74KkV;
ceramics KO1: for t=0.8¢c, V,=8kV, [=6:10-2m and
V=310-2m/s we get II: =65mA <, < I;; =185 mA;
for t=0.8s, Iy=300mA, V,=5kV and /=6-10-2m we
get Vl** =510-3m/s <V < V;* =3-10-2m/s.

Thus, the developed complex of nonlinear mathe-
matical models of the heating process of the considered
optical elements allows at the stage of working out the
technological modes of their electronic processing with
an accuracy of 8...12 % to determine the optimal

have

for
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Fig. 4 — Three-dimensional image of the function 7T, = fl(Ib,Vy,l,t) for a thin-film element from optical glass K8: a) t=0,7s,
[=610-2m;b)t=0,9s, V,=6kV;¢c)t=0,3s, V;=8kV;d)t=0,8s,/=6-10-2mm
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Fig. 5 — Three-dimensional presentation of the function 7, =, (Ib,Vy,l,t) for a thin large-size plate from optical ceramics KO1: a)
t=0.5s,1=6-10-2m; b)t=0.8s, V,=5kV;c)t=0.3s, V,=8kV;d)t=0.5,/=6-10-2m

change modes of the controlled parameters of the elec- treated elements up to their destruction (the appear-
tron beam, the excess of which leads to a sharp deterio- ance of cracks, chips, etc.) and the failure of opto-
ration in the properties of the surface layers of the electronic devices.
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3. CONCLUSIONS

1. Non-stationary, nonlinear mathematical models of
the process of heating elements from optical glass and
ceramics of different geometric shapes and sizes are
developed (thin film elements, thin large-size plates),
taking into account the temperature dependences of the
thermal properties of the material (volumetric heat
capacity, thermal conductivity coefficient) that allows to
calculate the influence of the electron beam parameters
(beam current Ip, accelerating voltage V,, distance to
the treated surface [ and beam movement speed V on
temperature fields in the treated optical elements (in
particular, at the maximum surface temperature of the
element T) with a relative error of 8... 12 %.

2. It is found out, that by the level of influence on T
value electron beam parameters arrange as a sequence
(time of the thermal effect of the beam ¢=0.3...1.0 s)
Iy >V>Vy,>1 during the increase in Ir from 50 to
300 mA the value of Tn increases (for glass K8 by
2.5...2.8 times; for ceramics KO1 by 1.5...1.9 times); an
increase in V from 5:10-3 to 5-10-2 m/s leads to the
decrease in Tn (for glass K8 by 1.4...1.6 times; for
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BusnauyeHHs OITHUMAJIBHUX PEKUMIB €JI€EKTPOHHO-IIPOMEHEBOI MiKpOOOPOOKH ITOBEPXOHDb
OIITUYHUX €JIEMEHTIiB

1.B. fuenxol, B.C. Aurouwok2, B.A. Bamenro!?, B.I. l'opmienxro?, C.0O. Komiupro!, T.I. Byrenro!

1 Yepracoruli Oepocasruil mexnoso2iunuil yuisepcumem, 6ya. Illesuenxa, 460, 18030 Yepracu, Yipaina
2 Hauionanoruti mexniurut yrnisepcumem Yrpainu «KIII imeni Ieops Cikopcoroeon, npocn. Ilepemoeu, 37,
03056 Kuis, Yrpaina

Ax moxasasia MpaxkTHUKA, HAMOLIBIN 3PYYHUM, €KOJIOTIYHO YMCTAM Ta JIETKOKEPOBAHUM CII0CO60M 00p00-
KM ONTHUYHUX €JIEMEHTIB € eJIeKTPOHHO-IpoMeHeBuit Meroy. OIHAK IIMPOKe BUKOPUCTAHHS €JIEKTPOHHO-
IIPOMEHEBOI TEeXHOJIOTII Y OIITHKO-eJIEKTPOHHOMY IPHJIAN00yayBaHHI CTPUMYETHCA BIACYTHICTIO METOIIB BH-
3HAYEHHS ONTHUMAJbHUX PEKHUMIB eJIEKTPOHHO-IIPOMEHEBOI MIKPOOOPOOKH ONTUYHMX €JI€MEHTIB, 10 ABJIA-
0Th €000 CYKyIHICTH KEPOBAHMX IIAPaMeTPIB eJIEKTPOHHOIO IIPOMEHI0 (CTPYM €JIEKTPOHHOTO IIOTOKY
I, = 50...300 MA, mpuckoprooya Hampyra Vy=4...8 kB, Bigcrans 1m0 00pobioBanoi mosepxHi [=6-10-2-
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8:10-2 M, mBHUIKICTD ImepeMirnenHs mpoMmenio V =5-10-2-5-10-3 m/c, yac TemnoBoro Biumusy ¢ = 0,3...1,0 c),
IIePEBUINEHHS AKUX IIPU3BOIUTH J0 IILJIOT0 PAAY HeOasKaHWX ABMUII, AKI MOTIPIIYIOTH AKICTh 00PO0II0BAHIX
IIOBEPX0Hb. P03p00sIeH0 MaTeMaTHYHI MOZeJIl IPoIlecy HATPIBY €JIEMEHTIB 3 OITMYHOIO CKJIA Ta KepaMiKu
Ppi3HOI reoMeTpUYHOI POPMU Ta PO3MIPIB (TOHKOILIIBKOBI €JIEMEHTH, TOHKI IJIACTUHY BEJIUKUX PO3MIpIB) Py-
XOMHUM CTPIYKOBHM €JIEKTPOHHUM IIPOMEHEM, III0 J03BOJISIIOTH PO3PAaXyBATH BILIMB MOr0 IIapaMeTpiB Ha TeM-
IepaTypHi moJisg y 00pobIoBaHuX esieMeHTax. BeramosieHo, mo 30iabinenHsa mapamerpis I, Ta V, y Bkasa-
HUX J1ama3oHax MPU3BOIUTH JI0 3POCTAHHSI MAKCHMAJIHHOI TeMIIepaTypPH MOBEPXHI ONITUYIHUX €JIeMEHTIB 0i-
JIpllie, HI%K y 2 pasu, a 3MeHIeHHs mapameTrpis [ ta V — menrmre, Hisk y 1,5 pasu. Busnadeno onrumanbii
3HAYEHHs IapaMeTPIB eJIEKTPOHHOTO IIPOMEHI0, IIEPEBUIIEHHS AKUX MPU3BOAUTH J0 TOSBU TPIIIUH TA BiJ-
KOJIIB y TIOBEPXHEBUX IIapax €JIEMEeHTIB, MOPYIIeHHs 1X TeOMeTPUYHOl (POPMHU Ta IOTIPITEHHS METPOJIOTId-
HUX XapaKTePUCTUK IPUJIAIB ak JI0 iX BIIKA31B.

Knrouori cnora: Enexrponnuii mpominb cTpiukoBoro Tuily, EjgeMeHTH 3 ONTHYHOTO CKJIA TA OHNTHYHOI
KepaMiky, TeMIepaTypHi OJIs y OIITUYHUX eJleMeHTax, OITUKO-eJIeKTPOHHE IIPUIa 00y 1y BaHHA.
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