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IMPROVING THE RELIABILITY OF PULSED LASER
RANGEFINDER AND INFRARED DEVICES OF HOMING
AND SURVEILLANCE BY FINAL ELECTRON BEAM
PROCESSING OF THEIR OPTICAL COMPONENTS

L.B. Ayenko, B.I. I'opoienxo, B.B. Xonin. IlinBuieHHs HaAiiHOCTI iMITy/IbCHHX JIa3epHUX JajiekoMipiB Ta IY-npuianiB camoHaBeneHHs i
cnocTepeskeHHsl ILISIXOM (DiHIlIHOI eJIeKTPOHHO-TIPOMEHEBOT 00POOKH TX ONTUYHHUX JeTaeil. J{yist 3aro0iraHHsT HEraTHBHOIO BIUIMBY 30BHILIHIX
TEPMIYHHUX BIUIMBIB Ha HAIHHICTH MPUIAIB ISl BAMIPIOBAHHS 1 TEIJIOBOIO KOHTPOJIFO 00 €KTIB Pi3HOI (Di3HUHOI MPUPOIH MPAKTHYHE 3HAYCHHS Mae
(hiHilIIHA eNeKTPOHHO-TIPOMEHEBa 0OpOOKa MOBEPXOHB IX ONTHYHUX €JIEMEHTIB, sIKa 3ar00irac BUHHKHEHHIO eeKTiB Ha IIOBEPXHI €JIEMEHTIB, 110 PH3-
BOJISITh JIO PI3KOTO IOTIPIICHHS XapaKTePUCTHK IPHIAAIB Ta iX BIIMOB Ipu ekcrutyatauil. Mema: Meroto poGoTH € po3poOka METOY IiIBUILICHHS
Ha/(iHOCTI PUIIA/IB VI BUMIPIOBAHHSI 1 TEIUIOBOrO KOHTPOIIIO 00’ €KTIB Pi3HOI (hi3H4HOI TPUpoaH HUBIXOM (iHIIIHOI eIeKTPOHHO-TIPOMEHEBOI 00pOOKH
X ONTHYHUX eneMeHTiB. Mamepianu i memoou: 1151 NOCIIHKEHHS BIUTUBY [IAPAMETPIB EICKTPOHHOIO POMEHIO Ha BIIACTUBOCTI NTOBEPXHEBHX ILIAPIB
efleMeHTiB 3 ontruHoro ckiia mapok K8, K208, BK10 ta kepamiku Mapok KO1, KO2, KO3, KOS, KO12. Jlyist npoBeneHHs I0CIiHKEHb 0YJI0 BUKOPHC-
TaHO PO3pO0JIeHE CHeLiali30BaHe EIEKTPOHHO-TIPOMEHEBE OOJIAIHAHHS, L0 O3BOJSIE PEAi3yBaTH CTPIYKOBUH CICKTPOHHHI HPOMIHb IIMPHHOIO
5107*...510° M, gosxuo0 6:107...8107 M, I'YCTHHOKO TEIUIOBOI il F,=510°...9-10° Br/M® Ta mBmiKicTio nepeMitieHts V= 3-10°...10" m/.
Pe3ynvmamu: I1poBeneHO eKCIIEPUMEHTAIBHI TOCIDKEHHS Ta BCTAHOBJICHO KPUTHYHI 3HAYCHHS [TapaMeTPiB 30BHIIIHIX TEPMOZil (TEIIOBOrO HOTOKY,
IIBHJIKOCTI HAJ[3BYKOBOTO OOTyBY ITOTOKOM IIOBITpSI, Yacy iX Jii), IePeBUILEHHS SKUX PU3BOIUTD [0 YTBOPEHHS HA IIOBEPXHI CJIEMEHTIB HETaTHBHHX
;le(_’peKTiB§ 1O CHPHIHHSE iX pyifHyBaHHs. BCTAHOB/ICHO ONTHMAITBHI Jiaa30HK 3MiHM MAapaMeTpiB elekTpoHHoro mpomero (K, =7-10%.8-10° Boid i
V'=5-10"..510" m/c), B ME&KaX SIKHX CIIOCTEPIracThCs HAiCTOTHIILIE OKPALICHHSI BIIACTHBOCTEH MTOBEPXHEBUX LIAPIB ONTHYHUX CIEMEHTIB.

Knouosi crosa: TOuHE NPUITaI00y lyBaHHsl, ICKTPOHHHIA IIPOMiHb, ONITHYHE CKJIO, ONITHYHA KepaMiKa, Ha/[iHiCTh.

LV. Yatsenko, V.I. Hordienko, V.V. Kholin. Improving the reliability of pulsed laser rangefinder and infrared devices of homing and
surveillance by final electron beam processing of their optical components. To prevent the negative impact of external thermal actions on reliability of
devices for measurement and thermal testing of objects of various physical nature the practical importance has electron beam processing of surfaces of
optical elements has practical importance, because it prevents appearance of defects on the surface of elements which lead to a sharp degradation of
performance of devices and their failures during operation. Aim: The aim of this research is to develop a method for improving the reliability of devices for
measurement and thermal control of various physical nature objects by final electron-beam processing of optical elements. Materials and Methods: To
study the influence of parameters of the electron beam on the properties of the surface layers of the optical glass elements of marks K8, K208, BK10 and
ceramics marks KO1, KO2, KO3, KOS5, KO12 used discs with a diameter of3-107...5-107 m and thick 4-10°...6:10° m, hemispherical cowl with diame-
ter 4-102...8:10 m. For research was used developed s?ecialized electron-beam equipment; the main characteristics of strip electron beam were as
follows: width — 5:10*...5:10° m, length — 6:10...8-10* m, density of thermal action — F, =5-10°...9-10° W/m® and velocity — ¥'=3-10"...10" mys.
Results: Experimental studies were held and found the critical values of external thermal actions (heat flux, time of action, etc.), the excess of which leads
to the formation on the surface of negative defects that lead to their destruction. The results of the research determined the optimal range of change of
parameters of the electron beam (F, = 7-10°...8-10° W/m® and ¥'=5-107...5-10% m/s) within which observed substantial improvement of the properties of
the surface layers of the optical elements.

Keywords: precision instrumentation, electron beam, optical glass, optical ceramics, reliability.

Introduction. Modern devices with optical elements for measurement and thermal control of
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various physical nature objects (laser range finders of sighting complexes with optical window of trans-
mitting and receiving channels, IR devices with hemispherical fairings of optical materials for homing
and surveillance, etc.) in conditions of exploitation are exposed to intense external thermo actions (higher
heating temperature and external pressure, thermal shock action in firing and flight, etc.) [1...5].

In these conditions on the surface and in the surface layers of the optical elements form various
negative defects (cracks, bumps, hollows, flows, etc.), further development which leads to the destruc-
tion of elements (appearing detachment, chips, undulating surfaces, etc.). The result is a deterioration
of their basic properties — micro hardness of surface, which leads to lower their resistance to external
thermal and mechanical loads, more.

So, with scientific standpoint developing of methods to improve equipment reliability in opera-
tion is urgent. Based on the study [6...13], it can be concluded that such methods should mainly be
based on electron beam final processing of optical elements, what will affect the reliability of the
device operation by improving the properties of the surface layers and increasing of resistance to
external thermal actions.

Some issues concerning the prevention of negative defects on the surface of optical elements in
terms of external thermal action studied not enough. One of the current issues investigation of which
devoted to this work is to establish the optimal ranges of changes in the parameters of the electron
beam within which to expect to get a significant improvement of properties of the surface layers of the
elements that in turn affect their reliability in operation.

The aim of this research is to develop a method for improving the reliability of devices for
measurement and thermal control of various physical nature objects by final electron-beam processing
of optical elements.

Materials and Methods. To study the influence of parameters of the electron beam on the
properties of the surface layers of the optical glass elements of marks K8, K208, BK10 and ceramics
marks KO1, KO2, KO3, KOS5, KO12 used discs with a diameter of 3-107...5:10° m and thick
4-107...6:10 m, hemispherical cowl with diameter 4-102...8:10 > m [9, 14].

For research was used developed specialized electron-beam equipment that protected by patents of
Ukraine [8, 9]. The main characteristics of strip electron beam were as follows: width — 5-10*...5:10° m,
length — 6:107...8-10 > m, density of thermal action — F,=5-10°...9-10° W/m®> and velocity —
V=310"...10" mys.

For modeling the thermal effects on the studied optical elements under normal conditions
(P =10’ Pa, T=293 K) has been used quartz lamps of KGM-220-1000-1 type with RIF-101 sensors
for temperature control of surfaces elements in the range of 300...1500 K and external heat flow in the
range of 1.5-10°...2.3-10° W/m® [9].

For the simulation of effect of high speed supersonic blowing by air flow (up to 2-10° m/s) and
the angular velocity of axisymmetric rotation of hemispherical cowls (4-10° rad/s) (the conditions of
the shot and flight of products with infrared devices) used specially designed installation [3, 9].
Schematic diagram of the installation is shown in Fig. 1.

The air stream that blows the sample during test is created by leakage from the nozzle subsonic or super-
sonic jets, pre-heated to compensate for the cooling stream flow on the nozzle. The diameter of the air jet
(diameter nozzle edge) is 4-10*...6-10 > m. Nozzles are variables, and can vary the flow rate to = 2-10° nys.
Installation includes the chamber with nozzles mounted on the frame. Heating the air occurs in the chamber
where the cold air and the hot gases generated by the heater are mixing. From the tank of fuel the gasoline is
supplied through atomizer into the heater combustion chamber. The oxidant (air) is supplied where also. Both
components are being supplied through shut-off valves, operated by electric pneumatic valves. On the frame
there are fixed aligned with nozzle a node of rotation with rotation speed sensor and the DC motor with
capacity of 2.7 kW, voltage of 27 V, and nominal angular speed of 995 rad/sec. Transfer of torque from the
motor to the shaft of the element sample holder carried out by means of a special flexible flat belt. Speed
sensor consists of a metal disc with a slot mounted on the shaft of holder, a photodiode and light sources
which are mounted on a stationary frame.
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451 shadow device and measuring of the pressure at the I
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flow around the model of sample by air flow (Fig. 2, 3). Fig. 1. Schematic diagram of the installation to
Conducted measurements have shown that the study the impact of high speeds of supersonic

distance S, of straight jump from sample cut changes blowing by air flow and the angular velocity

slightly and is between S;= 1.3 102.1.5102%m. On  of axisymmetric rotation of hemispherical cowls:

the basis of the studies was selected the optimum ! —chamber; 2 —variable nozzle; 3 — holder with

distance from cut of sample holder to the nozzle ©Pfical element model and speed sensor; 4 —node
B 5 . . . of rotation; 5 — electric motor; 6 — bed frame,

Siope=15-10"m. The apalys1s .of the obtained images 7 — tank of fieel: 8 — electro-pneumatic valve;

shqwed th.:at supersonic gas jet has calc{ulateq ﬂ(.)W 9 — shut-off valve; 10— air heater

regimes within the surveyed lengths. This maintains

the structure of the initial portion of the jet, which

allows in several times to increase the accuracy of calculations of blowing speeds of samples by air flow,

using the known gas-dynamic functions [15].

Experimental study of surface structure and surface layers of the optical elements carried out by
known methods of optical microscopy and microprobe analysis, including raster scanning microscopy,
transemission electron microscopy, and atomic force microscopy [9, 16, 17]. Microhardness of surface
of the optical elements was determined by Vickers method [11, 17].

To measure the quantities of thermoelastic stresses in the surface layers of cowls with optical
ceramic we used diffractometer DRON-2.0 and 3.0 [9, 16].

Tensile strength of optical elements before and after electron beam processing for a range of
changing of temperature of heating of 300...1200 K calculated by the method of central-circular
bending [9, 14].

To assess the reliability of devices under conditions of intense external thermal actions we
applied testing standard methods [3, 9], which results in accordance with DSTU 3004-95 [18] are used
to find the coefficient of reliability as a criterion of efficiency of devices in their operation.

Fig. 2. Schlieren photographs of a sample in the flowing air stream (V = 6-10° m/s):
a — distance from the sample to the nozzle — 1.2-107° m; b — distance from the sample to the nozzle — 8107 m
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Fig. 3. Schlieren photographs of a sample in the flowing air stream (V = 2-10° m/s):
a — distance from the sample to the nozzle — 4-10° m; b — distance from the sample to the nozzle — 7-107° m

Results and Discussion. Electron microscopic studies of surfaces of optical elements (optical
windows work surfaces, surfaces of hemispherical optical cowls, etc.) showed that after their standard
machining there remain large number of negative defects (small cracks of 0.1...0.7 um depths, thin
scratches of length 2...5 um, vesicles whose size up 107°...10 2 pm, etc.). It was established that these
defects in the conditions of intense external thermal action (higher heating velocity up to 400 K/s,
speed of supersonic blower by air flow up to 2-10° m/s, the angular velocity of axisymmetric rotation

up to 4-10° rad/s, etc.), in some critical values of external heat flow q: and times of action ¢ are

further developed. This leads to the destruction of elements (appear detachment, chips, nodules and
wavy surface, areas of rapid boiling, etc.) (Fig. 4). These defects degrade device reliability when
operating in conditions of thermal external action.

We found that after electron beam processing of optical elements mentioned above negative
defects that remain on the surface after machining under optimal values of parameters of electron
beam (density of thermal action F, = 7-10°...8-10° W/m” and velocity V= 5-10"...5-10* m/s) changed
the most significant. The sizes of vesicles (diameter) on the surface decrease in 2...4 times. Other
micro-defects of size of less than 1...2 microns are not observed. Electron beam processing “cleans”
the surface of the elements and eliminates small defects; the area occupied by these defects decreases
in 1.8...2.7 times (Fig. 5, 6), and the elements surface gets atomically smooth (residual asperities do
not exceed 0.5...1 nm). In this case, these destruction of optical elements are not observed.

Established that the effect of electron beam (F, =10°...2:10" W/m®, ¥'=10"...2:10>m/s) on
elements from optical ceramic leads to increasing of microhardness of its surface depending on the
parameters of the electron beam: increasing of the density of thermal action F, from 10° to
1.5-10” W/m® leads to increasing of microhardness of ceramics surface in 1.5...1.7 times, and decreas-
ing velocity ¥ from 1.5-10 to 10 m/s leads to increasing the microhardness of ceramic surface in
1.3...1.4 times (Fig. 7)

It was also established that the hardened layer thickness ( A), where there the major structural
changes appear and microhardness of the processed element increases, for electron beam parameters
ranges from 70...90 um to 210...230 um in thickness of processed products 4-10°...6:10° m. The
value A also heavily depends on the electron beam parameters: increasing of density of thermal action
F, from 10° to 2:10" W/m® leads to increasing of thickness of the hardened layer in 1.8...2.6 times, and
increasing of velocity of beam movement from 1.5-10 to 2:10 > m/s leads to reducing of the thickness
of hardened layer in 1.7...2.5 times.

Determined the presence of compressive stresses up to 25...90 MPa in thin surface layers of the
elements of depth 40...60 um for the central part of the processed areas (plots size of 4:107%...5-10* m)
in the considering change ranges of electron beam parameters.
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Fig. 4. Destruction of optical elements in excess of the parameters of the thermal action of its critical values:
a — delamination (K8 optical glass: q: =3-10° W/m’, {*>10s); b— chips (KO2 optical ceramics:

q: =1,2-10° Wim’, {* >25 s); ¢ — striation, undulating surface (K108 optical glass: q: =6 10° Wim’, 1 >6s);
d — areas of rapid boiling (K8 optical glass: q: =6-10° W/im’, t >4 s)

Fig. 5. Electron microscope images of the surface of the K8 optical glass:
a — surface after mechanical processing, x 3700; b — surface after electron processing, x 4500

Fig. 6. Scanograms of the surface of the K208 optical glass:
a — surface before electron beam processing, Y-modulation, x 610;
b — surface after electron beam processing, Y-modulation, x 610
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Fig. 7. Dependence of microhardness of the surface Fig. 8. Dependence of thickness of hardened layers
of KOI12 (1), KO2 (2), KOI (3) KOS5 (4) and KO3 (5) of KOI2 (1), KO2 (2), KOI (3), KO3 (4) and KOS5 (5)
optical ceramics on beam velocity after electron optical ceramics on density of thermal action after
beam processing: F,=2.3-10° W/m’ (. ), electron beam processing: V=7-107 m/s (. ),
F,=1.410" W’ (= = = ) V=1510"m/s (= = = =)

As a result of the research it was found that after the final electron beam processing of optical
elements the critical values of external heat flow ¢, and time of their actions ¢ increase in
1.5...2 times for optical glass, and in 2...4 times for optical ceramics.

It is shown that the maximum allowable value of thermoelastic stresses at different heating
temperatures 300...1200 K of optical elements, which were electron beam processed, in 1.7...2.3 times
higher for optical glass, and in 1.8...2,7 times higher for optical ceramics compared with the values for
unprocessed elements (Fig. 9).
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Fig. 9. The dependence of the maximum permissible thermoelastic stresses in the optical elements on the heating
temperature (P=10" Pa, thickness of element H=4-107 m, F,=1.5-10" W/m’, V=5-10" m/s):
a — optical glass of marks K8 (1), TF110 (2) and BK10 (3); b — optical ceramics of marks KOI (4), KO2 (5)
and KO3 (6); without electron beam processing (. ), after electron beam processing (a« — — =)

We conducted researches of optical windows of laser rangefinders (Fig. 10) and hemispherical
cowls of IR-devices (Fig. 11) under real operation conditions.

As a result of the research it was found that the damage tolerance of optical windows and hemi-
spherical cowls after electron beam processing in areas of maximum external thermal action (the most
dangerous areas determined by the condition that the central angle of cowl is A8 = 4°) increases in
1.7...2.3 times compared to unprocessed devices (Table 1).

It was established that obtaining improved properties of the surface layers of the optical elements
of the device increases the reliability of their operation.

Reliability factor as a criterion for efficiency of laser rangefinders at different speeds of external
heat as well as IR-devices at supersonic airflow blowing determined by the following formula [18]:

W(Vl.)zl—%,zflj, (D)

0
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where W (V;) — probability of maintaining efficiency of devices in terms of thermal external action;
N(V;) — number of devices that broken down under given parameters of thermal actions V,
(destruction of the entrance windows and cowls taken for failure of devices in general);
N, — total number of entrance windows and cowls that tested.

———— " ——— ——— — —
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| Receiving channel _7___8}
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I
I
“ [t processing (<
Stop |p unit ¢ > |
| HoH— |

«— The
Power Control >l control

Supply unit panel

C

Fig. 10. General view of the sighting system unit (a) and simplified diagram of transmission (b) and receiving (c)
channels of pulse laser rangefinder: 1 — optical head with laser rangefinder, 2 — opto-mechanical unit;

3 — eyelens, 4 — control panel of thermal imagery camera; 5 — outgoing optical window of transmission channel
of rangefinder, 6 — IR-flux to object; 7 — incoming optical window of rangefinder receiving channel; 8 — IR-flux
that scattered by object and sent to incoming optical window, PD — photo detector, SC — signal conditioner;
d;, H;, d>, H, — diameters and thicknesses of outgoing and incoming windows (d;, d,=3107..5107 m; H,
H,=4-107...6:107° m ); 2=1.06 um — wavelength of laser radiation

Area of damages

Fig. 11. Scheme of IR homing device (a) with optical cowl (b): 1 — incoming IR-flux from observed object; 2 —
cowl (optical ceramics); 3 — function circuit of IR device; 4 — general view of IR homing device: central angle of
cowl within of which damages happen 10=~4° (6,,,~19...23°); outer cowl radius R,,=2-107 m; thickness of hemi-

spherical shell of cowl H=4-10"" m; maximum density of external heat action (q,)me=3-10"...2.5-10° W/m’; su-

personic speed of air flow V=7-10°...2.5-10° m/s

Calculations by the formula (1) made it possible to establish that increasing of the heating
velocity of the entrance windows in laser rangefinders (from 100 to 400 K/s) and blowing by air flow
of the cowls in IR-devices under consideration (7-10° to 2:10° m/s) in real conditions leads to
increased reliability of these devices in 1.3...1.9 times provided the final electron beam processing of
their surfaces (Fig. 12, 13).
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Table 1

Impact of electron beam processing of devices surfaces on the amount their damage Kk (%) depending on the
parameters of the thermal action (heating velocity V; (K/s) for windows of K8 optical glass, and blowing velocity
V, (m/s) for cowls of KO2 optical ceramics)

Entrance window

k,%

Vi, K/s Before electron beam processing After electron beam processing
100...200 40...50 20...30
200...300 50...60 30...40
300...400 60...70 40...50

Cowls k., %

V,, m/s Before electron beam processing After electron beam processing
5-10°...10° 30...40 10...20
10°...1.5:10° 40...60 20...40
1.5:10°...2-10° 60...80 30...50
W W
0,8 0,8
0.6 L = 0,6 2
\ ~ ; ~_

0,4 0,4 \\
0,2 e~ 0.2 1 S~
0 100 20 300 V1, K/s 0 10 13 16 V»10%, m/s

Fig. 12. Dependence of the probability of faultless

work of laser sighting systems during the external

thermo actions on velocity of external heat of their
optical windows of K8 optical glass: without electron
beam processing (1), after electron beam processing

Fig. 13. Dependence of faultless work of IR devices
on the speed of supersonic blowing by air flow to
the hemispherical cowls of KO2 optical ceramics:

without electron beam processing (1), after electron
beam processing (F, = 210" Wim’, V =107 m/s) (2)

(F,=510° Wi, V.=5107 m/s) (2)

Conclusions. The results of the research determined the optimal range of change of parameters of the
electron beam (density of thermal action F, =7-10°...8-10° W/m® and the velocity V'=5-10"...5-10> m/s)
within which observed substantial improvement of the properties of the surface layers of the optical
elements of glass (K8, K208, BK10) and ceramics (KO1, KO2, KO3, KOS5, KO12):

— the surface is cleaned from the various negative defects (scratches, bubbles, small cracks, etc.)
that remain after standard machining, and becomes atomically smooth;

— the surface microhardness of optical elements increases in 1.3... 1.7 times and forms the
hardened layers of thickness of 70... 230 um with compressive stresses of 25...90 MPa;

— increase the critical importance of external heat flow and the time their actions in 1.5...4 times;

— increases the maximum allowable value of thermoelastic stresses in optical elements at tempe-
ratures of 300...1200 K in 1.7...2.7 times.

Established that final electron-beam processing of the optical windows surfaces of laser range-
finder in sighting system and external surfaces of cowls of IR-devices by increasing of their surface
layers resilience to external thermal actions leads to an increase in 1.3...1.9 times the reliability of
devices during their operation in conditions intense external thermal action (high speed external
heating of the optical window surfaces (up to 400 K/s) and thermal shock effects of supersonic air
flow (flow rate up to 2:10° m/s) to the cowls).

" Note: k = k/k, , where ko, k — the total number of tested entrance windows and cowls, and the number of devices, which

had been destroyed, respectively. The angular velocity of axisymmetric rotation of cowls in the considered range of change
(4-10° rad/s) does not affect the amount of their damage.
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