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І.ȼ. əɰɟɧɤо. ȿɤɫɩериɦеɧɬɚɥьɧɨ-ɫɬɚɬиɫɬиɱɧі ɦɨɞеɥі виɡɧɚɱеɧɧɹ вɩɥивɭ ɩɚрɚɦеɬрів еɥеɤɬрɨɧɧɨɝɨ ɩрɨɦеɧɹ ɧɚ вɥɚɫɬивɨɫɬі ɩɨверɯɧевиɯ 
ɲɚрів ɨɩɬиɱɧиɯ еɥеɦеɧɬів ɬɨɱɧɨɝɨ ɩриɥɚɞɨɛɭɞɭвɚɧɧɹ. Ⱦɥɹ ɡаɩоɛіɝаɧɧɹ ɪɭɣɧɭɜаɧɧɹɦ оɩɬиɱɧиɯ ɟɥɟɦɟɧɬіɜ ɩɪаɤɬиɱɧɟ ɡɧаɱɟɧɧɹ ɦаɸɬь ɟɥɟɤɬɪоɧɧо-
ɩɪоɦɟɧɟɜі ɦɟɬоɞи ɮіɧіɲɧоʀ оɛɪоɛɤи ʀɯ ɪоɛоɱиɯ ɩоɜɟɪɯоɧь ɧа ɫɬаɞіʀ ɜиɝоɬоɜɥɟɧɧɹ, ɹɤі ɞоɡɜоɥɹɸɬь ɩоɤɪащɭɜаɬи ɜɥаɫɬиɜоɫɬі ɩоɜɟɪɯɧɟɜиɯ ɲаɪіɜ ɟɥɟ-
ɦɟɧɬіɜ і ɬиɦ ɫаɦиɦ ɪоɛиɬи ʀɯ ɫɬіɣɤіɲиɦи ɞо ɡоɜɧіɲɧьоɝо ɬɟɩɥоɜоɝо і ɦɟɯаɧіɱɧоɝо ɜɩɥиɜɭ. Мɟɬа: Мɟɬоɸ ɪоɛоɬи є ɜиɡɧаɱɟɧɧɹ оɩɬиɦаɥьɧиɯ ɞіаɩаɡоɧіɜ 
ɡɦіɧи ɩаɪаɦɟɬɪіɜ ɟɥɟɤɬɪоɧɧоɝо ɩɪоɦɟɧɹ, а ɬаɤоɠ ɪоɡɪоɛɤа ɟɤɫɩɟɪиɦɟɧɬаɥьɧо-ɫɬаɬиɫɬиɱɧиɯ ɦоɞɟɥɟɣ, що ɞоɡɜоɥɹɬь аɜɬоɦаɬиɱɧо ɜ ɪɟɠиɦі ɪɟаɥьɧоɝо 
ɱаɫɭ ɮоɪɦɭɜаɬи ɛаɡɭ ɞаɧиɯ ɡа ɩоɤɪащɟɧиɦи ɜɥаɫɬиɜоɫɬɹɦи ɩоɜɟɪɯɧɟɜиɯ ɲаɪіɜ оɩɬиɱɧиɯ ɟɥɟɦɟɧɬіɜ ɩіɫɥɹ ʀɯ ɩоɩɟɪɟɞɧьоʀ ɟɥɟɤɬɪоɧɧо-ɩɪоɦɟɧɟɜоʀ оɛ-
ɪоɛɤи. Маɬɟріаɥɢ і ɦɟɬоɞɢ: Ⱦɥɹ ɞоɫɥіɞɠɟɧɧɹ ɜɩɥиɜɭ ɩаɪаɦɟɬɪіɜ ɟɥɟɤɬɪоɧɧоɝо ɩɪоɦɟɧɹ ɧа ɜɥаɫɬиɜоɫɬі ɩоɜɟɪɯɧɟɜиɯ ɲаɪіɜ оɩɬиɱɧиɯ ɟɥɟɦɟɧɬіɜ ɛɭɥо 
ɜиɤоɪиɫɬаɧо ɩɥаɫɬиɧи ɡ оɩɬиɱɧоɝо ɫɤɥа і ɤɟɪаɦіɤи. Виɡɧаɱɟɧɧɹ ɜɥаɫɬиɜоɫɬɟɣ ɩоɜɟɪɯɧɟɜиɯ ɲаɪіɜ оɩɬиɱɧиɯ ɟɥɟɦɟɧɬіɜ ɞо і ɩіɫɥɹ ɟɥɟɤɬɪоɧɧо-
ɩɪоɦɟɧɟɜоʀ оɛɪоɛɤи ɩɪоɜоɞиɥоɫɹ ɡа ɜіɞоɦиɦи ɦɟɬоɞаɦи ɮіɡиɤо-ɯіɦіɱɧоɝо аɧаɥіɡɭ. Рɟɡɭɥьɬаɬɢ: ɉɪи ɞіʀ ɟɥɟɤɬɪоɧɧоɝо ɩɪоɦɟɧɹ ɧа ɩоɜɟɪɯɧɸ оɩɬиɱɧо-
ɝо ɟɥɟɦɟɧɬа ɜіɞɛɭɜаєɬьɫɹ ʀʀ ɩоɦіɬɧɟ оɱищɟɧɧɹ ɜіɞ ɪіɡɧиɯ ɞоɦіɲоɤ, ɭɫɭɜаɸɬьɫɹ ɪіɡɧі ɦіɤɪоɞɟɮɟɤɬи, що ɡаɥиɲаɸɬьɫɹ ɧа ɧіɣ ɩіɫɥɹ ɫɬаɧɞаɪɬɧиɯ ɦɟɬоɞіɜ 
оɛɪоɛɤи, а ɬаɤоɠ ɫɭɬɬєɜо ɩіɞɜищɭєɬьɫɹ ʀʀ ɝɥаɞɤіɫɬь, ɬоɛɬо ɡɦɟɧɲɭєɬьɫɹ ɜиɫоɬа ɡаɥиɲɤоɜиɯ ɦіɤɪоɧɟɪіɜɧоɫɬɟɣ ɧа ɰіɣ ɩоɜɟɪɯɧі. Таɤоɠ ɛɭɥо ɜɫɬаɧоɜɥɟ-
ɧо, що ɩɪи оɛɪоɛɰі ɟɥɟɤɬɪоɧɧиɦ ɩɪоɦɟɧɟɦ ɟɥɟɦɟɧɬіɜ ɡ оɩɬиɱɧоɝо ɫɤɥа ʀɯ ɩоɜɟɪɯɧɟɜі ɲаɪи ɡɦіɧɸɸɬь ɫɜоɸ ɫɬɪɭɤɬɭɪɭ, ɹɤа ɫɬає ɛɥиɡьɤоɸ ɞо ɤɜаɪɰɭ. 
ɉоɤаɡаɧо, що ɩоɜɟɪɯɧі ɟɥɟɦɟɧɬіɜ, ɩоɩɟɪɟɞɧьо оɛɪоɛɥɟɧі ɟɥɟɤɬɪоɧɧиɦ ɩɪоɦɟɧɟɦ, ɡɞаɬɧі ɜиɬɪиɦɭɜаɬи ɤɪиɬиɱɧі ɡɧаɱɟɧɧɹ ɡоɜɧіɲɧіɯ ɬɟɩɥоɜиɯ ɩоɬоɤіɜ ɭ 
1,3...1,5 ɪаɡɭ ɛіɥьɲі, ɧіɠ ɞо оɛɪоɛɤи. Вɫɬаɧоɜɥɟɧо, що ɩɪи ɞіʀ ɟɥɟɤɬɪоɧɧоɝо ɩɪоɦɟɧɹ ɧа ɩоɜɟɪɯɧɸ ɟɥɟɦɟɧɬіɜ ɡ оɩɬиɱɧиɯ ɤɟɪаɦіɤ ɜіɞɛɭɜаєɬьɫɹ ɡɧаɱɧɟ 
ɡɛіɥьɲɟɧɧɹ ɦіɤɪоɬɜɟɪɞоɫɬі ʀɯ ɩоɜɟɪɯɧі ɭ 1,3…1,7 ɪаɡɭ ɬа ɭɬɜоɪɟɧɧɹ ɡɦіɰɧɟɧиɯ ɲаɪіɜ ɬоɜщиɧоɸ 70…230 ɦɤɦ. Вɢɫɧовɤɢ: Ɂа ɪɟɡɭɥьɬаɬаɦи ɩɪоɜɟɞɟɧоɝо 
ɞоɫɥіɞɠɟɧо ɛɭɥо ɪоɡɪоɛɥɟɧо ɟɤɫɩɟɪиɦɟɧɬаɥьɧо-ɫɬаɬиɫɬиɱɧі ɦоɞɟɥі ɜиɡɧаɱɟɧɧɹ ɜɩɥиɜɭ ɩаɪаɦɟɬɪіɜ ɟɥɟɤɬɪоɧɧоɝо ɩɪоɦɟɧɹ ɧа оɫɧоɜɧі ɜɥаɫɬиɜоɫɬі 
ɩоɜɟɪɯɧɟɜиɯ ɲаɪіɜ оɩɬиɱɧиɯ ɟɥɟɦɟɧɬіɜ і ʀɯ ɫɬіɣɤіɫɬь ɞо ɬɟɩɥоɜиɯ ɞіɣ. ɐɟ ɞає ɦоɠɥиɜіɫɬь аɜɬоɦаɬиɱɧо ɜ ɪɟɠиɦі ɪɟаɥьɧоɝо ɱаɫɭ ɮоɪɦɭɜаɬи ɤɟɪоɜаɧɭ 
ɛаɡɭ ɞаɧиɯ ɡ ɩоɤɪащɟɧиɯ ɜɥаɫɬиɜоɫɬɟɣ, що ɜɩɥиɜаɸɬь ɧа ɬɟɯɧіɤо-ɟɤɫɩɥɭаɬаɰіɣɧі ɯаɪаɤɬɟɪиɫɬиɤи оɩɬиɱɧиɯ ɟɥɟɦɟɧɬіɜ і ɩɪиɥаɞіɜ ɧа ʀɯ оɫɧоɜі. 

Ключові слова: оɩɬиɱɧиɣ ɟɥɟɦɟɧɬ, ɡоɜɧіɲɧі ɬɟɪɦіɱɧі ɜɩɥиɜи, ɟɥɟɤɬɪоɧɧиɣ ɩɪоɦіɧь. 

I.V. Yatsenko. Experimental and statistical models of impact determination of the electron beam parameters on surface layers properties of      
optical elements in precision instruments building. To prevent destruction of optical elements the electron beam methods of work surfaces finishing at the 
stage of manufacture has practical significance. These methods can improve the properties of the element surface layers and thus make them more resistant to 
external thermal and mechanical action. Aim: The aim is to determine the optimal ranges of parameters of the electron beam and the development of experi-
mental and statistical models that will automatically generate database with improved properties of the surface layers of optical elements in real time mode after 
previous electron beam treatment. Materials and Methods: To study the influence of parameters of the electron beam on the properties of the surface layers of 
the optical elements used plates of optical glass and ceramics. Determination of the surface layers properties of the optical elements before and after electron 
beam treatment was carried out by known methods of physical and chemical analysis. Results: It was established that under the influence of the electron beam on 
the surface of the optical element there is visible clearing of various impurities take place, various micro-defects that remain on it after standard processing  
methods remove and also its smoothness significantly increases, i.e. height of residual asperities on the surface is reduced. It was also found that the processing 
of optical glass elements by electron beam their surface layers change their structure, which is close to the quartz. It is shown that the surface of the pre-processed 
electron beam elements able to withstand the critical value of external heat flows in 1.3...1.5 times higher than before treatment. Conclusions: As results of the 
research the experimental and statistical models to determine the impact of parameters of the electron beam on the basic properties of the surface layers of the 
optical elements and their resistance to thermal action have been developed. This makes it possible automatically in real time to form a managed database with 
improved properties that impact on the technical and operational characteristics of optical components and devices based on them. 

Keywords: optical element, external thermal impacts, the electron beam. 

 

Introduction. Modern devices with optical elements used for measurement and thermal control 
of different physical nature objects are the subjects of intense external thermal actions such as high 
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heating temperature, external pressure, thermal shock action in flight and firing, etc. [1…3]. In these 
conditions there is a significant change in the properties of the surface layers of the optical elements 
take place (the appearance of cracks and chips, deep surface melting  of elements and form a nodule, 
wavy surfaces and change the geometry etc.) till their destruction. 

This leads to a significant spoilage of technical and operational characteristics of devices and 

their failure. To prevent the damage of optical elements the electron beam methods of finishing of 

their work surfaces at the manufacturing stage have practical significance. These methods can improve 

the properties of the surface layers of elements and thus make them more resistant to external heat and 

mechanical stress [3, 4]. 

Bessmertnyi V., Kovalenko V., etc. [5…7] show that to improve the properties of the surface 

layers of different materials the concentrated flows of energy (laser and electron beam, the flow of 

low-temperature plasma, etc. nowadays are widely used. In his turn Mayer, Bauer and Engel [8…10] 

showed that for the optical glass and ceramic elements surface treatment the use of mobile strip     

electron beam is rational in terms of handling and economy. It is established that by control of the 

main parameters of the electron beam (density of heat exposure and rate of displacement) the surface 

layers of the optical elements can be specifically modified. 

However, these important issues whose solution will improve the properties of the surface layers 

of the elements and make them more resilient to external thermal action remain unexplored: 

1. It is not set the optimal ranges of parameters of the electron beam within which there is a    

substantial improvement of the properties of the surface layers of cells takes place and their thermal 

stability increases. Solution of this problem will prevent the destruction of optical elements and failure 

of devices based on them. 

2. It was not designed the experimental and statistical model of determination of three-

dimensional dependencies of the basic properties of the surface layers of elements from the e-beam 

parameters. 

The aim is to determine the optimal ranges of parameters of the electron beam and the develop-

ment of experimental and statistical models that will automatically generate database with improved 

properties of the surface layers of optical elements in real time mode after previous electron 

beam treatment. 

Materials and Methods. To study the influence of parameters of the electron beam on the   

properties of the surface layers of the optical glass (K8, K108, etc.) and ceramics (КО1, КО2, etc.) 

used the plate of thickness 2...4·10–3 m, width 3...5·10–2 m and a length of 6...8·10–3 m [3]. Author has 

developed a specialized electron-beam technological equipment for the study which are protected by 

patents of Ukraine [1, 3, 4], which allows realizing strip electron beam in width 5·10–4...5·10–3 m, 

length 0.06...0.08 m, heat flux density Fn = 5·106…9·108 W/m2 and rate of displacement 

V = 0…0.1 m/s. 

Determination of the surface layers properties of optical elements before and after electron beam 

treatment (heights of residual microirregularities on the surface, micro hardness, thickness of          

reinforced layers, etc.) carried out by known methods of physical and chemical analysis ⎯ a method 

of atomic force microscopy, Vickers hardness test, methods of optical microscopy and micro-probe 

analysis, etc. [8…11]. 

For modeling the thermal effects on the studied optical elements under normal conditions 

(T0 = 273 K, P = 105 Pa) and for finding the critical values of parameters (heat flow *
nq  and time of 

action *t ) controlled infrared heating has been used quartz lamps of type KNM-220-1000-1 with RIF-

101 sensors for temperature control of surfaces elements in the range of 300...1900 K and heat flow 

that come to them [3, 4]. 

For the modeling of high heating temperatures impact (1500 K) and external pressures (107 Pa) 

the specialized equipment was used, tests on which were held using methodic developed at SDP SE 

“Arsenal” (Kyiv) and Cherkasy State Technological University [1, 3]. 

In studies conducted to determine the properties of the surface layers of optical elements listed 

before and critical parameters of external influences, the relative error did not exceed 10 %. 
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To obtain the experimental and statistical models to determine the impact of parameters of the 

electron beam on the properties of the surface layers of the optical elements, the specially designed 

application package by regression and interpolation methods [1, 3] was used. 

Results. As a result of experimental studies, the following optimal ranges of parameters of the 

electron beam have been set: 

 opt
nF = 7·106…8·108 W/m2,  

 Vopt = 5·10-3…5·10-2 m/s.  

Within these ranges there is the most significant improvement of the properties of the surface 

layers of the optical elements take place. 

For these optimal ranges of parameters Fn and V the experimental and statistical models are      

developed to determine the impact of parameters of the electron beam on the basic properties of the 

surface layers of the optical elements and their resistance to thermal activity (relative error is 5...9 %): 

 2
1 2 3 4

0( , ) a a V a V a
n nh F V a F V+ ⋅ + ⋅= ⋅ ⋅ , 

 2
1 2 3 4

0( , ) b b V b V b
m n nh F V b F V+ ⋅ + ⋅= ⋅ ⋅ , 

 2
1 2 3 4

0( , ) c c V c V c
v n nH F V c F V+ ⋅ + ⋅= ⋅ ⋅ , 

 2
1 2 3 4

0( , ) d d V d V d
n nF V d F V+ ⋅ + ⋅Δ = ⋅ ⋅ , 

 
2

210)()(),( *2

210

** PnPnn

n tɊmɊmmtPq
⋅+⋅+⋅⋅+⋅+= , 

where  ( , )nh F V , ( , )m nh F V , ( , )v nH F V , ( , )nF VΔ  ⎯ dependencies of heights of residual micro     

irregularities on the surface, melted layer thickness, microhardness, thickness of reinforced layers, 

from electron beam parameters respectively; 

  ak, bk, ck, dk ( 0,4)k = , ml and nl ( 0,2l = ) ⎯ empirical constants whose values depend on the 

nature of the optical material. 

It is established that under the influence of the electron beam on the surface of the optical        el-

ement there is its noticeable clearing from various impurities, eliminating of various micro-defects that 

remain on it after standard processing methods (mechanical, chemical, etc.) take place and also signif-

icantly increases its smoothness, i.e. height of residual asperities is reduced on this surface. Three-

dimensional images of dependencies ( , )nh F V  (Fig. 1) give visual presentation of recent regularities 

for optimal ranges of parameters of the electron beam. It is shown from these dependences that even in 

the deep mechanical grinding-polishing of optical elements the residual microscopic are significant 

and can be in 5...6 times greater than after treatment with electron beam. 
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Fig. 1. Dependencies ( , )nh F V  for elements of optical glass K8 (a) and K108 (b):  

1 ⎯ unprocessed element; 2 ⎯ element processed by electron beam 

It is necessary to control the parameters of the electron beam. This occurs because a thickness of 

the molten layer ( , )m ɩh F V  formed on the surface of the element that smoothes the asperities, at some 
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critical parameters of *
ɩF and *V  may exceed the maximum allowable *

mh  value at which the wave-

like surfaces start forming, so-called “formation of ribs” that leads to loss of the original form of opti-

cal element (Fig. 2). 
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Fig. 2. Dependencies ( , )m nh F V   for elements of the optical glass K8 (a) and K108 (b):  

1 ⎯ the maximum permissible values *
mh ; 2 ⎯ mh  values obtained in electron-beam processing 

It was found in the research that during processing the optical glass elements by electron beam 

their surface layers change their structure, which become close to the quartz. In other words it is     

happening so-called “quartz formation” on the treated surface. As a result, the optical elements are 

becoming more resistant to external influences. This confirmed by experimental studies of dependen-

cies of critical values of external heat flows from the time of their actions — namely, the excess of 

critical values leads to fractures. However, it was found that the surface layers of the elements that 

have been processed by electronically beam can withstand the critical value of external heat flows in 

1.3...1.5 times higher than before treatment (Fig. 3). 
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Fig. 3. Dependencies * *( , )nq P t  for elements of the optical glass K8 (a) and K108 (b): 1 ⎯ unprocessed ele-

ment; 2 ⎯ element processed by electron beam 

It is established that under the action of the electron beam on the surface of the optical elements 

of ceramic there is an appreciable increase of micro hardness of the surface in 1.3...1.7 times as well as 

the formation of hardened layers with thickness 70...230 mm (Fig. 4, 5). Thus optical elements       

become more resilient to external shock thermal stress, as evidenced by a specially conducted experi-

mental research on finding critical values of external heat flows and their impact on the time element 

surface (Fig. 6): element surface, which processed by electron beam requires for its destruction in 

1.3...1.7 times more of heat flow already. 

Studies have shown that prior electron beam processing of work surfaces, such as thin optical 

plates for input windows of laser thermovision sights and optical fairing infrared aiming devices and 

observation of objects [1, 12, 13] leads to the improvement of basic technical and operational charac-

teristics of these devices: the resistance of the surface layers of the optical elements to external thermal 

action increases in 1.3...1.7 times; the service life of devices increases in 1.3...2 times; the amount of 

destruction of fairing infrared devices decreases in 1.3...1.5 times. 
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Fig. 4. Dependencies ( , )v nH F V  of the optical elements of ceramics KO1 (a) and KO2 (b):  

1 ⎯ unprocessed element; 2 ⎯ element processed by electron beam 
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Fig. 5. Dependence ( , )nF VΔ  for the optical elements of ceramics KO1 (a) and KO2 (b) 
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Fig. 6. Dependencies * *( , )nq P t  for the optical elements of ceramics KO1 (a) and KO2 (b):  

1 ⎯ unprocessed element; 2 ⎯ element processed by electron beam 

Conclusions. Using the results of the research the experimental and statistical models were      

developed to determine the impact of parameters of the electron beam on basic properties of the      

surface layers of the optical elements and their resistance to thermal action. This makes it possible 

(with a relative error of 5...9 %) to automatically form in real time the managed database with         

improved properties that influence the technical and operational characteristics of optical components 

and devices based on them. 

The first time shown that by pre-processing of hazardous areas on the surface of optical elements 

by movable electron beam with adjusting of its optimum settings opt
nF , optV , could greatly improve 

the basic properties of the surface layers of the optical elements that influence the technical and      

operational characteristics of devices based on them. Thus, for the optical glass elements it is possible 

to reduce the height of the residual asperities on the surface in 5...6 times, and to keep the thickness of 
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melted layer in the allowable range of 150...200 mm. For the optical ceramic elements it is possible to 

increase a surface microhardness in 1.3...1.7 times and form consolidated layers with thickness 

of 70...230 mm. 

It was established that increasing of external pressure from 105 to 107 Pa leads to a reduction of 

critical values *
nq  and *t  in 1.2...1.7 times for the elements of the optical glass and in 2...2.5 times ⎯ 

for elements of the optical ceramics; while for optical elements that processed by electron beam, the 

critical values *
nq  and *t  in 1.3...1.7 times higher than unprocessed elements. 
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