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Abstract: The article presents the results of increasing the accuracy of the operating parameters of the electron flow (power density, speed of 
electron-beam processing) in obtaining optical plates of small thickness as components of optical instrumentation devices. It is shown that 
flexible control of such parameters of tape electron flow allows to significantly (1.5-2 times) increase the accuracy and quality of surface 
processing of small thickness (up to millimeters) optical silicate plates (glass K8) by low-energy electron flow. The implementation of such 
management was carried out using an information-measuring system, the general principles and functional scheme of which are given in this 
article. The proposed system allows with high accuracy (relative error does not exceed 4.5%) and efficiency (the time between the moment of 
determining the parameters of the electron flow to the moment of its formation with the adjusted values of these parameters does not exceed 
12-17 μs). 
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1. Introduction

The Industry 4.0 initiative envisages the creation and 

development of automated production facilities, where all processes 

are managed in real time and taking into account changing external 
conditions [1]. Thus, the introduction of this initiative in the 

technology of creating components of modern optical microdevices 
and microsystems of precision instrumentation with the 

involvement of a promising method of electron beam processing, 
allows for high-efficiency and high-precision processing of optical 

plates (including small thickness optical plates) of silicate optical 
glass. The main advantages of the above technology are the ability 

to obtain defect-free surfaces with residual irregularities up to 5 nm 

with complete elimination of the near-surface defective layer [2]. 
However, the modes of such processing are selected by 

experimental studies and do not provide for the possibility of 
automatic controlled electron beam surface processing of optical 

plates to give them new functional properties, such as asphericity 
and hydrophobicity of optical microlens surfaces of modern 

projection systems. 

The main factor in high-quality electron-beam processing of 
optical materials is compliance with the high accuracy of the 

operating parameters of the electron flow (power density, speed of 
electron-beam processing and others). Thus, [3] shows the 

possibility of controlling the energy distribution of the tape electron 
flow (the deviation from the specified distribution did not exceed 2-

5%). However, the proposed scheme does not allow dynamic 
control of power distribution in the electronic tape, has low stability 

(temperature and heating time of the cathode significantly increases 

its resistance, which leads to a decrease in energy efficiency of the 
electron flow), which eliminates the possibility of automatic 

correction voltage. 
A number of leading domestic and foreign scientists are 

working on the development of new methods and means of 
electron-beam processing of optical materials, such as: 

I.V.Yatsenko, V.S.Antonyuk, V.A.Vashchenko, G.V.Kanashevych,
H.Bluhm, A.Kowalik, K.Góra and others [4-6]. However, despite

the scientific achievements of these scientists, the issue of

improving the accuracy of compliance with the operating
parameters of the electron flow (power density, speed of electron-

beam processing, etc.) in the dynamic process of obtaining optical
plates of small thickness still remains.

Therefore, it is important to develop and apply an information 
and measurement system of the operating parameters of the tape 

electron flow to provide flexible control of these parameters in 
obtaining optical plates of small thickness. 

The purpose of the study: to increase the accuracy of the 

operating parameters of the tape electron flow (power density, 
speed of electron-beam processing) by using information-measuring 

system that allows flexible control of these parameters, thereby 
improving the accuracy and quality of surface processing of optical 

silicate plates (K8 glass) of small thickness (up to millimeter units). 

2. Features of processing of optical plates of

small thickness by a tape electron flow 

According to the authors' own experience [7], the processing 

of small-thickness optical plates can be carried out on an upgraded 
vacuum unit УВН-74, which includes heating and cooling furnaces, 

fittings for holding and moving objects, Pierce electron-beam gun 
with tungsten wire cathode (cathode diameter 0.4 mm, wire length 

90 mm). At the heart of this technology is the fact that when 

incandescent, the cathode emits electrons that are accelerated by an 
electrostatic field, pass through the anode slit (slit length 80 mm, 

width can vary within 1-4 mm) and are directed to the sample. The 
scheme of control of the electron flow of the tape form in the 

processing of optical plates of small thickness is shown in Fig.1. 
The electrical characteristics of the electron-beam gun are as 

follows: cathode heating current I = 10-50 A ±15%; range of 
accelerating voltages - Uac = 0-10 kV ±2-3%; current stream range 

Is = 50-400 mA ±1-5%. The residual pressure in the vacuum 

chamber required for the operation of the gun is p0 = (3-5).10-4 Pa.
The distance from the electronic gun to the object of processing can 

vary from 
H = 10-60 mm ±0.1 mm. Accelerating voltage up to 10 kV 

characterizes low-energy electron-beam processing and provides 
energy to electrons, which is enough to heat the surface of the 

optical material in vacuum to temperatures of 800-1500 °C. In this 
case, the surface of the material is melted by electron flow to a 

depth of  

200 μm, and the final stage of formation of the modified surface 
layer is the slow cooling of the treated sample according to a 

predetermined temperature law. 
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Fig. 1. Scheme of control of electron flow of a tape form at processing of small thickness optical plates: 1 - Pierce electron-beam gun,  

2 - tape electron flow, 3 - a mobile platform, Istream - current of an electron flow; Iem - cathode emission current 
 

Based on the data of [8], where thin plates (1 mm thick) made 

of K8 silicate glass were used as experimental samples, it was found 
that the optimal processing speed of optical glass should not exceed 

20 cm/s. The quality of processing of such samples by the above 
technology was determined by the state of the technological 

environment (residual pressure, heating and cooling temperature of 
products), perfection of processing tools – electronic gun and 

electron flow, as well as equipment and software that provide 
flexible and high-quality processing. 

The source of electron radiation during tape electron-beam 

processing is a tungsten wire cathode with a diameter of 0.5 mm. 
The main operating parameters of the cathode include: emission 

current Iem, glow current cathode I, service life t, positioning 

accuracy and cathode efficiency . At the same time, it should be 

noted that high cathode temperatures (T = 2100-2200 °C) and 

periodic contact with the atmosphere leads to erosion of its surface 
[9]. 

The feature of using a wire cathode is that the deviation of the 
width of the electron flow along the length is relative to the size of 

its central part, for distances H = 10-40 mm does not exceed 2-5%, 

which allows to classify the electron flow on the surface of the 
product as a tape. 

During the research carried out in [10], it was determined that 
the term of effective operation of tungsten wire cathodes brand BA-

1 with a diameter of 0.1-0.6 mm in terms of their use in the 
technology of electron-beam processing of optical materials is 40-

120 hours. This time difference is due to the different physical 

states of the cathode surface and is determined by the operating 
temperature, emission current, wire diameter, electrical 

characteristics of the cathode load and the time of its contact with 
air during technological depressurization of the vacuum chamber. 

The effective operation of the cathode is determined by the period 
during which its diameter decreases by no more than 10% [11]. 

However, the decrease in cathode diameter is primarily due to the 
uneven evaporation of the material due to temperature instability 

along the wire. At the same time, such a change in the diameter and, 

accordingly, the physical characteristics of the cathode, leads to 
uncontrollability and uncontrollability of the processing process, 

which is unacceptable. 
In the course of research, in [12] the dependences of the width 

of the thermal impact zone b, the central part of the thermal impact 

zone b  and the coefficient of concentration ke from the distance to 

the object (metal strip) of H action were shown in Fig.2. 

Such dependences are in good agreement with the results 
presented in [13] for medium-energy electron beams with a round 

cross-section. The zone of maximum energy action of the electron 

flow b  is explained by the presence of two maxima of the intensity 

of the electron flow, which is characteristic of the used electron-
optical system. 

 
Fig. 2. Dependences of the width of the zone of thermal influence b, 

its central part b and the coefficient of concentration of the 

electron flow ke from the distance to the object of action of the 

electron beam gun H. 
 

At the same time, under the same conditions of the influence 
of the electron flow on materials with different nature of electrical 

conductivity, it should be noted that the electron flow on dielectric 

materials (eg optical glass) has 1.5-2 times the width of the thermal 
zone. This is due to the surface polarization of the dielectric 

material by a concentrated stream of electrons, which in turn leads 
to the formation of an electron cloud above the surface of the 

material, which acts as a scattering electron lens. 
Given the energy of electron beam processing, this expansion 

of the zone of influence of the electron flow on the dielectric 

material at a constant value of specific power leads to a proportional 
reduction of the maximum current density (compared to conductive 

materials) by 1.4-1.65 times. This opens up the possibility of using 
controlled electron flow for the implementation of high-precision 

low-energy processing of small thickness optical plates. 

 

3. Quality management of optical products 

processing of optical products 

 
To control the quality of the processing of small-thickness 

optical plates by electron flow, the energy distribution in the tape 

electron flow must be measured. To do this, the authors used a 
microprocessor device to sense the electron flow, in which the 

probes are located in parallel to each other, Fig.3. 
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Fig. 3. Scheme of sensing the tape electron flow: 1 - module of 

Pierce electron-beam gun, 2 - tape electron flow, 3 - tungsten 

probes, 4 - ceramic insulator, 5 - movable platform, 6 - probe 
module, 7 - collector 

 
To reduce the impact on the measurement results of the 

phenomenon of secondary electron emission, as well as to eliminate 
interference from electromagnetic waves due to the reflection of 

electrons from the surface, the probes are arranged in pairs with an 
offset in the direction of the probes. 

Processing quality management was carried out as follows. In 

the process of switching on the rotating device, first, the sounding 
system came under the electron flow, and only after it - the 

processed products. The probe current from each probe through the 
copper wire and the vacuum electric input was recorded by an 

automated system located outside the vacuum chamber. The signal 
received by each of the probes changed as a result of the passage of 

the electron flow and was the result of integrating the current 

distribution across its cross section. The current recorded by the 
sounding system was fed to the converter "current-voltage". Next, 

the control microcontroller was used to process the obtained data 
(calculate the difference of probe characteristics between paired 

probes  analog-digital conversion of the results due to current  

conversion of currents to the cross-sectional area of the probes  

differentiation of characteristics gun by adjusting the operating 
parameters of the electron-beam processing mode, for which the 

latter were formed by the microcontroller into data packets and 

transmitted to the control system. 
The probe current, which is used to determine the current 

density distribution over the cross section of the electron flow 
(which, in turn, determines the quality of processing of optical 

products by electron flow), is converted into digital form by an 
automatic digital device and processed by a microprocessor 

according to the formula: 
 

j(x) = (I(х) – I(х – х)) . d . V . t, 

 

where j(x) is the current density at a given point with coordinate x; 

I(х) - probe current at this point; I(х – х) - probe current during the 

previous measurement; d is the diameter of the probe; V - speed of 

the platform with probes; t is the period between measurements and 
data conversion by analog-to-digital converter. 

As a result of calculations of probe characteristics of 
electronic tape according to the above formula and their comparison 

with experimentally obtained data (Fig. 4) proved the possibility of 
flexible control of electronic tape shape and, accordingly, the 

quality of processing optical products by electron flow. 

 

 

 
Fig. 4. Probe characteristics of the electron flow: the current density distribution is calculated on the basis of the probe current in the elect-

ron stream (solid lines) and obtained experimentally (points) for different modes of obtaining of small thickness optical plates (Uac = 3500 V): 

1 – Umod = 0 V; 2 – Umod = 25 V; 3 – Umod = 35 V; 4 – Umod = 45 V; 5 – Umod = 55 V 
 

 
 

4. Information-measuring system of working 

parameters of electron flow 

 
During the research of the process of electron-beam 

processing of small thickness optical plates and in order to increase 
the accuracy of the operating parameters of the tape electron flow 

(power density, speed of electron-beam processing) was developed 
information-measuring system. The main tasks solved by this 

system: 

 measurement of energy distribution density in the cross section 

of the electron flow with a power density of 100-1000 W/cm2; 

 determining effective width of the electronic tape flow; 

 identification of factors that affect the distribution of energy in 

the cross section of the electron flow; 

 study of the parameters of the electron flow in the process of 

electron beam processing; 

 presentation and transmission for further processing of the PC 

or the system of automatic control of the obtained results, which 
are converted into digital form directly for stabilization and control 

of the electron flow. 
The scheme of the developed information-measuring system 

of working parameters of the electron flow is presented in Fig.5.  
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Fig. 5. Block diagram of the information-measuring system of the operating parameters of the electron flow 

 

The peculiarity of this scheme is that the current recorded by 
the probe measuring system is fed to the converter "current-

voltage", based on precision amplifiers OP-295. 
Then, with the help of the control microcontroller, the 

received data used for e-gun control is processed by adjusting the 
operating parameters of the electron-beam processing mode, for 

which the latter are formed by the microcontroller into data packets 
and transmitted to PC via RS-232 interface and automatic control 

via CAN interface. The signal used to determine the distribution of 

current density in the cross section of the electron flow, using an 
automatic digital device is converted into digital form and 

processed by a microprocessor that performs numerical 
differentiation of the measured characteristic. In this case, the time 

between the determination of the parameters of the electron flow to 
the moment of its formation with the adjusted values of these 

parameters does not exceed 12-17 μs, which guarantees high 

efficiency of its work. 
Thus, an information-measuring system has been developed 

that provides flexible control of the operating parameters of the tape 
electron flow (power density, speed of electron-beam processing) 

when processing the surface of optical silicate plates (glass K8) of 
small thickness (up to millimeters). 

 

 

5. Discussion of information-measurement 

system test results 

 
As a result of experimental tests developed by the information-

measuring system, the values of the operating parameters of the 

tape electron flow were obtained and studied, according to which 
the electron flow current distributions on the anode and dielectric 

material were constructed (K8 optical glass). The dependences of 
the electron current Is on the accelerating voltage Uac at different 

values of the width of the anode gap and the heating current of the 

cathode I, Fig.6-8. 
 

    
a. 

 
b. 

Fig. 6. Dependence of the current stream Is on the accelerating 

voltage Uac at the cathode (a) of Pierce electron beam gun and on 

the glass plate K8 (b). Anode slit width ba = 2.0 mm, the area of the 
impression on the optical plate from the action of the electronic 

tape 4.0 mm  90 mm. 
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As can be seen from Fig.6 for the optimal geometric 
parameters of the Pierce electron-beam gun, which were given in 

[14], namely: at the width of the anode gap b = 2.0 mm, the 
dependence of the electron current on the accelerating voltage, as 

on the cathode of the electron gun, and on the glass plate have high 
stability in the range of accelerating voltage 3-6 kV and processing 

current of 30-180 mA (on the anode) and 5-30 mA (on the 

dielectric) at a cathode current of up to 13 A, which corresponds to 
the main technological modes of low-energy electron-beam 

processing of dielectrics (including optical glass). Such modes 
correspond to the structural modification of the surface layer of 

dielectrics in which there is a complete remelting of fractured and 
defective layers resulting in the formation of a new surface in terms 

of chemical structure and physical properties. The basic 
technological modes of electron-beam processing of products from 

optical glass are based on such modification.  

For comparison, Fig. 7, 8 shows the volt-ampere characteristics 
for the anode slit width b = 1.5 mm (Fig. 7) and b = 3.0 mm (Fig. 

8). 

 
a. 

 
b. 

Fig. 7. Dependence of the current stream Is on the accelerating 

voltage Uac at the cathode (a) of Pierce electron beam gun and on 
the glass plate K8 (b). Anode slit width ba = 1.5 mm, the area of the 

impression on the optical plate from the action of the electronic 

tape 2.7 mm  90 mm. 

 

Figure 7 shows the volt-ampere characteristics on the cathode 
of the electron gun and on the plate made of glass K8 at the value of 

the anode gap b = 1.5 mm. The results of the study of these volt-
ampere characteristics indicate high stability in the range of 

accelerating voltage 3-6 kV and processing current 30-300 mA (at 
the anode), while the dielectric stable value of accelerating voltage 

is observed only in the range of processing current 5-15 mA, which 

corresponds only to the modes of electron-beam processing, 
characterized by heat processing of surfaces, which is carried out 

without the formation of a liquid phase. 

 
a. 

 
b. 

Fig. 8. Dependence of the current stream Is on the accelerating 

voltage Uac at the cathode (a) of Pierce electron beam gun and on 
the glass plate K8 (b). Anode slit width ba = 3.0 mm, the area of the 

impression on the optical plate from the action of the electronic 

tape 6.0 mm  90 mm. 

At the same time, at the value of b = 3.0 mm (Fig. 8), high 
stability, as in the case of b = 2.0 mm (Fig. 6), is observed in the 

range of accelerating voltage 3-6 kV and incandescent current 
cathode  

12-14 A. The electron current at the anode is in the range of 30- 
300 mA, while the dielectric values of the processing current 

increase to 16-70 mA, which corresponds only to the modes of 

electron beam processing, which is intense evaporation and boiling 
of the substance of the surface layer of optical glass, and its 

practical use is unpromising and extremely limited. 
In general, the energy modes of processing, which were 

obtained by studying the operating parameters of the tape electron 
flow (power density, speed of electron-beam processing) through 

the use of information-measuring system, allow to choose modes of 

flexible control of electron-beam processing changes in other 
parameters of electron-beam processing (for example, processing 

speed) and degradation processes that occur at the cathode due to 
heating temperature and the influence of external conditions (in 

particular, the atmosphere). This allows you to significantly (1.5- 
2 times) increase the accuracy and quality of surface processing of 

optical silicate plates (glass K8) of small thickness (up to 
millimeters). Thus, after electron-beam processing (in optimal 

modes) of optical samples, the surface condition of these samples 

and its residual micro-irregularities were compared with the results 
of electron-beam processing of control group samples obtained 

according to the scheme without using the developed information-
measuring system. As a result, the reduction of residual surface 

microroughness for optical glass K8 from 40-110 nm to 3.3-15.8 
nm (electron-beam processing without the use of the developed 

information and measurement system) and up to 1.5-6.5 nm -
radiation processing according to the control modes obtained by the 

developed information and measuring system), Fig.9.
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a.       b. 

 
c. 

Fig. 9. Microgeometry (a, b) and profile along the line A-B (c) of the surface area (1010 μm) of a thin plate of K8 glass, which was treated 

by electron flow without (a) and using the developed information-measuring system (b) : 1 - profile of the output surface; 2 - profile of the 

surface treated with electron flow; 3 - profile of the surface treated by the electron flow using the information-measuring system of the 
electron flow operating parameters 

 

Thus, the application of the developed information-measuring 

system allows to increase the accuracy (relative measurement error 
does not exceed 4.5%) of the operating parameters of the tape 

electron flow (power density, speed of electron-beam processing) 
and the quality of surface processing of optical silicate plates (glass 

K8) small thickness (up to millimeters), which provides flexible 
control of the process of such processing. In this case, it is 

experimentally proven that an uncontrolled increase, for example, 
the speed of movement of the electron flow on the treated plane-

parallel surface, reduces the quality of such a surface (leads to the 

formation of wavy and aspherical on the surface). An uncontrolled 
increase in the specific energy power of electron-beam processing, 

for example, from 80 W/cm2 to 150 W/cm2 leads to the formation 
of microcracks on the surfaces with subsequent destruction of 

optical samples. 

 

6. Conclusion 

 
The results of increasing the accuracy of the operating 

parameters of the electron flow (power density, speed of electron-

beam processing) in obtaining optical plates of small thickness as 
components of optical instrumentation devices are presented. 

It is shown that flexible control of the operating parameters of 
the tape electron flow can significantly (1.5-2 times) increase the 

accuracy and quality of surface processing of small thickness (up to 
millimeters) optical silicate plates (glass K8) by low-energy 

electron flow. 

The implementation of such control was carried out using the 
developed information and measurement system, which allows to 

determine and adjust the operating parameters of the tape electron 
flow in the processing of small thickness optical plates with high 

accuracy in real time (relative error does not exceed 4.5%) and 
efficiency (time between determining the parameters of electron 

flow to the moment of its formation with adjusted values of these 
parameters does not exceed 12-17 μs). 
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