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ABSTRACT

Karpus S.G. «Multi-charged gaseous ion beam production for compact horizontal

type electrostatic accelerator». – Research Project, Manuscript copyright.

Thesis for the scientific degree of the candidate of physical and mathematical

sciences by specialty 01.04.20 – physics of charged particle beams. – National

Science Center «Khark v Institute of Physics and Technology». – National Science

Center «Khark v Institute of Physics and Technology», Kharkiv, 2017.

The thesis presents results of multi-charged gaseous ion beam production based

on «Sokol» Ion Beam Facility with compact horizontal type electrostatic accelerator

used for ion beam analysis and ion irradiation. In particular, scientific substantiation

of system selection was performed for production and transportation of multi-charged

ion beams for electrostatic accelerator «Sokol» that allows to produce multi-charged

gaseous ion beams with energy higher than 2 MeV and the indicated system was

designed, fabricated, tested and used for solving a number of applied tasks.

Penning-type gaseous ion source was designed to accelerate multi-charged ion

beams on electrostatic accelerator «Sokol» which allows to meet the operation

requirements for the compact horizontal type electrostatic Van De Graaff accelerator:

ion source weight is about 4 kg to not load up the accelerator tube and compactness

to be put under high voltage electrode; power consumption is up to 150 W and

simplicity of operation; injecting current of ion beam into the accelerator tube should

be enough to ensure its stable operation and have sufficient content of multi-charged

gaseous ions; lifetime of the source is more than 150 hours.

Magnetic system design was developed and tested to set up a magnetic field

with uniform distribution of magnetic induction on the ion source axis. It consists of

magnetically conductive flanges and two ring ferrites. Magnetic induction value on

the axis is 0,123 T.
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Operating parameters of ion source and its characteristics were determined

during bench tests, in particular: discharge voltage range (0,8…5) kV; value of

working gas inlet: (0,4….8,9) m3 Pa/sec depending on working gas type and current

value of extracted ions; discharge current level: 0…5 mA; extracted ion current of

Ne4+ was equal 1 nA for discharge power 1 W.

Dependencies of total current of extracted ions and current of multi-charged

ions (Ne and Ar) from operating parameters of the source (voltage discharge and

working gas inlet) were experimentally studied. It was found that the main

contribution into production of multi-charged ions in sources of this type is made by

single collisions of electrons with atoms and molecules. Gas efficiency of the source

is about 10%.

Study of primary characteristics of ion beam extracted from the source was

performed, namely – maximal angle of divergence and ion energy distribution. To

estimate the divergence angle of ion beam, the extracted beam current profiles of Ne

ions was studied at distance of 125 and 274 mm from emission hole depending from

geometrical parameters of primary formation system (distance from electrodes,

diameters of holes in electrodes, expander availability) for the range of extraction

potential from 0 up to 16 kV. It is shown that for the studied systems of primary

beam formation (close of Pierce systems) the maximal divergence angle is almost the

same and makes 0,12 rad. Average value of the normalized brightness of ion beam

 3 m  m-2 rad-2 V-1.

It was found for the first time that energy distribution of extracted ions depends

on anode voltage, type of working gas and discharge current value. Maximal energy

spread value (width at half height) makes 94 eV for Ne ions and 125 eV for He ions

at discharge voltage of 4,3 kV and gas inlet  8,9·10-5 m3·Pa/sec.

Multi-charged ion injector was designed and tested considering the results of

bench tests; it meets the operation requirements for electrostatic accelerator «Sokol».

Injector consists of Penning-type source, recommended design and two electrodes

(extraction and focusing of ions). Trajectory analysis was performed for the injection

system with the tube of «Sokol» accelerator. Potential values were determined on
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electrodes of injection systems. Dependency of ion beam crossover position was

determined at the output of the tube for potentials on high-voltage electrode from

1 MeV up to 1,8 MeV. It was demonstrated that the recommended injection system

allows to adjust the position of ion beam crossover within 1-5 m at the output of the

tube of «Sokol» accelerator in the ion injection energy range up to 16 kV. The

estimated value of ion beam parameter at the input aperture (3,2 mm from the hole of

source emission) is not more than 4 mm which was experimentally confirmed.

System of electrical power supply and control of multi-charged ion injector was

designed based on calculations of ion beam transportation; it meets the operation

requirements.

Multi-charged ion injector was tested. Multi-charged ion beams were produced

for the first time at the accelerator output after magnetic mass-analyzer: 3 2+, 4 2+,
40Ar2+, 40Ar3+, 20Ne2+, 20Ne3+. Testing of all electrical power supply systems and

injector control systems was performed.

Technique of 4 2+ and 2
+ beam separation on compact ion beam facility was

theoretically substantiated and implemented using existing magnetic mass-analyzer

(beam bending magnet) and electrostatic analyzer and self-supporting carbon foils

installed in front of mass-analyzer which allowed to produce 4 2+ ion beams with

low composition of 2
+ ions. The performed numerical calculations of beam

separation for 4 2+ and 2
+ ions in single particle approximation showed that the use

of existing magnetic mass-analyzer at the output of electrostatic accelerator “Sokol”

allows to separate ion beams of 4 2+ and  2
+. Current ratio of 4 2+

2
+ was 27

using magnetic mass-analyzer and electrostatic analyzer. Using self-supporting

carbon foils set before mass-analyzer the current ratio of 4 2+
2

+  88 and   52 for

the foil with thickness of 300 nm and 79 nm respectively.

The recommended technique of 4 2+ and  2
+ separation allows to produce

4 2+ beam with low composition of 2
+ ions and can be used for separation of

accelerated beams D2
+ and 4 + , D+ and H2

+ on facilities for ion beam analysis with

compact electrostatic accelerators.
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Production of double-charged ion beams of 3  and 4  allowed  to  solve  a

number of applied tasks related to monitoring of production technology of coatings

for a wide application spectrum using techniques of ion beam analysis, such as

nuclear reactions and backscattering spectrometry.

Thickness of layers was determined in multi-layer coating

Ta2O5/Si 2/…/Ta2O5/Si 2 on the quartz substrate. Relevance of this research is the

need to monitor the production technology of multi-layer optical coatings (mirrors,

laser gyroscopes, optical filters). Use of 4 2+ beam in backscattering technique

allowed to obtain information on all 13 layers which previously was impossible with

the use of accelerated ion beam of 4 + produced by injector with RF ion source on

electrostatic accelerator «Sokol».

Increase of 4  ion energy by increase of their charge allowed to use in studies

the elastic scattering resonance of 16O( , )16 , res=3,037 MeV. In the experiments

with the use of ion beams of 4  the composition of oxygen in porous VN coatings

was determined. This is an essential addition to the backscattering technique for

control of production technology of this type of coatings and estimation of their

porosity. Coatings of this type are perspective in relation to generation of materials

capable of holding a large amount of hydrogen. Also, this resonance was used to

determine stoichiometry of thin layer Nb2O5 on Si 2 substrate. It was demonstrated

that analysis using backscattering technique for the coating of this type does not

allow to determine with enough accuracy the composition of oxygen along the depth

of the sample because oxygen is component of both: the substrate and the coating,

and use of elastic resonance 16O( , )16 , res=3,037 MeV, W=15 keV allowed to get

information directly about the coating stoichiometry.

Deuterium depth profiling technique with using D(3He,p)4He reaction was

implemented, energy range of 3 2+ ions from 1 MeV up to 3,4 MeV. This technique

allows to get the deuterium profiling in materials of neutron targets and the first wall

of thermonuclear facilities.

Use of double-charged ions of He beam on compact electrostatic accelerators

allowed to extend ion beam analysis due to increase of energy ions in two times and
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increasing the depth of analysis (~2,5 times) respectively. In particular, it refers to

study of coatings using backscattering technique. Moreover, backscattering

spectrometry allowed to increase the depth resolution. All that were presented in this

work based on a number of abovementioned examples of research on identification of

composition, thickness and stoichiometry of layered structures.

Uses techniques can be useful in the analysis of similar structures, especially at

the stage of improving the technology of their application.

Results obtained in the thesis work allow to design and produce more effective

system for production and transportation of ions on compact electrostatic accelerators

used for ion beam analysis and ion irradiation.

Keywords: ion beam, Penning ion source, Van de Graaff electrostatic accelerator,

multi-charged ions, ion beam separation, ion beam analysis.
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); 

 (

 (  0,1 ),  –  (  1 )).

 (micro-ebis), 

,  [48]. 

 Fe-

Nd-B (20 , 50  20 ) 

. 

 0,42 .  (

 2 ) ,  2 , 

,  6  30 .

. 

,

 1 10-5 . 

 Ne7+  Ar9+.

. 
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, .

.

1.2.3. 

.  – « », 

.  – , 

. , 

. 

. 

, , 

. 

. 

, 

 – , 

.

, , 

, 

 (  1 ) 

 [49-51].

1.2.4. 

 (  0,001 – 0,1 ) 

, 

. 

.
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. 

 80%), , 

 [42], , 

.

 ( . 1.6).

 ( . 1.5 ( , )). 

 – 

 ( ) [42].

. 1.5. :

, ) –  ( ) 

,  –  ( ) [42].

, , 

, 

.

, 

 [52-54].

, 
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, , , 

 - .

 (

 1  10 ), , 

.  -

,  [55]. 

 (  1 ), 

 - , 

.

1.2.5. 

.

 ( ) 

 ( Bf 8,2 , – ) 

 [35]

).

, , , 

, .

, 

, 

.  (Microgan ECR Pantechnik) [56] 

BECRIS [57].
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1.2.6. 

 (PIG) 

, . 

.

,  – 

 0,1 ). : 

; ; 

 « » . 

.

: 

, , .

, 

. 

 [4], 

,  [58, 59],  [60-62]

. 

, 

.

,  [63, 64]. 

 (

Sm o), 
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, High Voltage Engineering Co, USA 

KN 4000).

1.3. 

 « »

, , . 

, 

:

 ( ),

,

,

 ( )

.

 ( ) [65] 

, 

, 

.

R0 0 :

0

0
0

E

en SS
dER , (1.7)

Sn –  ( ),

Se –  (

), , 

, :
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eiUqUE0 , (1.8)

i – .

, 

.

, 

 [66] 4  1,8  3,6 

.  1.3.

 1.3.

R(E0) 0,3 R(E0)
4  1,8  3,6 .

3

4  /

(4 )=1,8

4  /

(4 )=3,6

Si 2,32 6,44  / 1,93 15,36  / 5,12 

Si 2 2,65 5,22  / 1,56 12,08  / 4,02 

Ni 8.92 3,23  / 0,96 6,77  / 2,03 

Zr 6,49 3,8 / 1,14  8,99  / 2,9 

Zr 2 5,68 3,52  / 1,05 10,28  / 3,42 

Ta 16,6 2,89  / 0,86 6,25  / 2,08 

Ta2O5 8,23 3,89  / 1,16 8,6  / 2,86 

 1.3 (0,3 R(E0), R -

E0

4 2+  2,5 
4 +.

, 4 2+

 « », 
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 [67], 
4 +  « ».

, 

, 

, . 

, ,

 [68]. 

t :

cos
1

dxdEdxdEK
Et , (1.9)

K - , 1E  -

, dxdE dxdE  - 

 - . 

 4.4.3.

, 

 (

, ), 

, .

1.4. 

, 

» 

, :
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1) , 

 « »;

2)  (He, Ne, Ar)

;

3) : 

;

4)

 « »;

5)  « » 

, ;

6)

2
+ 4 2+

, 

;

7) 4 2+

3 2+  « » , 

.

1.5. 

-

, 

.

, 
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.

,  – 

, , , 

, 

.
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 2. 

.

. 

,  [5, 16],

 –  « » [23] ,

:  [21, 22]  « » [69].

2.1. 

, . 2.1.

. 2.1. :

1 – , 2, 6 – , 3 – , 4 – ,

5 –  [70] 1-8, 7 – 

, 8 – , 9 – 

-500, 10 – , 11 – 

-2, 12 – .
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 (1) , 

-500 (9) 

 (10). 

 ( )  (7) [69] 

 (8). 

-2. 

 (1,33 6,65) 10-4 .

:  (Ua = 0,2…5 , Imax = 10 ), 

(U  = 0…18 , Imax = 150 ) 

 (U = 0…18 ) 

.  (2, 6), 

-1. 

 (2) 

95. 

 (6) 

5-7.

. 

 (  1,33 10-4 ) 

 (1)  (7) 

. 

 (Ua) . (Ua)

 (Ip) 

. 

 (It)  (2) 

(U ).
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 (3) 

 (4).  (5) 

.

.

. 2.2 [5]. 

 (4) 

,  (Ua).

 (2)

, ,

 (3).  (2)

 (3)  (12) .

. 2.2. :

1 – , 2 – , 3 – , 4 – ,

5 – .
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 (5) 

 (1), 

 (4), 

 (2). 

, 

.

, 

 94%,  (U  – )

 44% (  – 0,14 ,  – 0,28 0,28 ). 

 20 ,  – 8 ,

 – 150 ,

 – 35  - 100 .

. 2.3 [5].

. 2.3. :

1 – , 2 – , 3 – 

10 , 4 – , 5 –  (  - 1 ), 6 ( , ) – 

 (  125  274 ).
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 (4)  6 

6  (  - 1 ).  (4) 

 (12). . 2.1.

 (5)  (4)  1 

 (6  6 ) .

2.2. 

»

 1983 . 

 « » 

 [71, 72]. 

 [73].

. 2.4.  « » c :

1 –  ( 1 , L=2,5 ), 2 – 

, 3 – , 4 – , 5 – ,

6 –  (220 , 400 , 150 ), 7 – ,

8 – , 9 – .
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:

 ( . 2.4);

 ( . 2.6);

 ( . 2.6,  1-5);

.

 « » -

 [41], 

. . 2.5 ( , ) .

:

 ( ) –  0,7 ·10-4 3 ;

 – 67 ;

 –  200 ;

 – 50 ;

 –  1,2 ;

 –  16 ;

 – 70-80%;

 15  – 1,5 ;

 – 3,6 ;

, .
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)

)

. 2.5.  « »:

) – : 1 –  ( ), 2 – , 3 – 

), 4 – , 5 – , 

, 

-4; 6, 7 – ;

) – .

.
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. 2.6.  « » :

1 – , 2 –  « », 3 – 

, 4 –  « », 5 –  «

», 6 – , 7 –  « ».

 1 (  – 450), 2 4 (260) ( . 2.6)

, 

: 

 ( ); 

,  ( ); 

 ( ); ; .

5 (  – 450)  «

», : ,

, .

3 (  – 5,60) 

, 

.
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2.3.  « »

 « » [21, 22] 

 Ne  Ar ;

 Ne+ ,

.

2.4.  « »

4 2+ 3 2+

 « » [23]. 

. 2.7.

 (9)  10-4

, 

.

-

.

 (11), 

 ( ) , =1700

.

Si(Li) , 

 13  D(3He,p)4He,  1400

.
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. 2.7. , 

 « »:

1 – , 

; 2 – 5 ; 3 – MMA; 4 – 

; 5 – A; 6 – 

, ; 7 – 

; 8 – 

0,9 9 ; 9 – ; 10 – ; 11 – 

, , ; 12 – Si(Li) .

.

 ( , )

 [65, 74, 75].

 H2
+ 4He2+

 H2 , 

, 

 [52].  H2
+

4He2+.

 H2
+ 4He2+, 

, : 
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, .

 4.4.

 [5, 9, 10] 

 [14, 16, 18, 21-23].

2.5. 

, ,

.

. 

 ( ):

, , 

.

 « ».  « » 

, 

»,  Ne  Ar 

,  Ne+.

 « » 
4 2+

2
+ : 

 (79  300 )  – 

.

 « » 4 2+

2
+, 3 2+  3,6 , 

.

, .
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 3. 

 [3], 

 « ». 

, ,  ( , ,

). 

. 

 [5]. 

, , . 

 [6] .

3.1. 

 « »

 [2],

,  [76] 

, 

, 

.

:

 - 

 (<25 );

 <10-4 3 ;
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, 

 (  4 ), , 

;

 (  200 ) 

 Ne, 

.

, 

 « »

. . 3.1.

 (4) 

 (3). 

 12 18 10 .  (7) 

.  (6) 

 (1). 

 (5)  (4) . 

, 

.

, 

 (28 ),  (24 )  (8 ),

,  [4]. ,

, 

. 

, 

.
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)

)
. 3.1.  ( )  ( ) :

1 – , 2 – , 3 –  (  12 18 10 ),

4 –  ( -10), 5 -  ( ), 6 – 

, 7 – , 8 – .



65

, 

.  [77] , 

, :

.

 3.1 [77].

 3.1.

 [77].

,

U, 
2

)

Al+O2 350 <29

Mg+O2 400

Be+O2 300

Fe 400-500 68

U 500-800 <30

Ti 800-1000 <30

Ni 3600 65

Zn 3600 340

Al 3500 29

Cu-Zn 2800

2800

Cu 2300 300

C 2300 262

W 2100 57

Mo 1800 56

Ta 1700 16
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,  3.1, , 

, 

. 

, 

, 

. 

, 

, 

.

, 

, 

, . , 

.

, 

, 

. 

.

, . 

. 

, 

. , 

, 

. . 3.2 

,  (6)  (7) 

. 3.1).  (1) 
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 ( ) 

.

. 3.2. :

1 -  (  29 , 33 ,

29 ), 2 – , 3 – 

( 11 ,  1 ).

. 

 « » 

.

, 

, . 

, 

. 

, 

89 39 )  - 

 ( . 3.1, . 4). , 
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.

, 

. . 3.3 ( , )

.

 ( 1-8). 

 ( )  0,089 .

. 3.3 ( ). ,

,  (  89). 

, 

,  ( . 3.3 ( )).

. 3.4 (a) 

. , 

B

,  65…70 , .

. 3.4 

(  70 ).

. 3.4 ( ) 

 0,123 . 

 (z)  18  30 . , , , 

 ( 1-8), , 

,  7,6 , 

.
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)

)

. 3.3. .

) –  (  0,089 ),

) – . Z – , 

.



70

)

)

. 3.4. ( ) – ,

) – .

 (

2 1 ). , 

Q  10-4 3  (

 0,13 ), , 

 2,6 10-4 . 

, 

 ( . 2.1).

, ,

.  [78] 

 (t)

, :
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IsM
NeDAt A , (3.1)

 M – , – ,  –

, D – , e – , s –

, I – , NA – .

 2 ,

 Ar (U  3 , I  = 1 , s  1 [78]), 

 (3.1)  30…40 .

 ( . 3.1), 

 ( ) 1 , 

 (2) 

 (1). 

, 

, ,

 [76, 79].

3.2.  Ne, Ar, He 

: 

, 

, . 

 ( .  4.).
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:

-   (I )  ( )  (U )

 (Q) ;

-  (I )  (U )

 (Q);

-  (It) 

 (U ),  (U ),  (Q);

- : 

 (U )  (Q).

), 

 (12) ( . 2.1).

, 

 1 . 

 (125 

274 ) , 

 (12) ( . 2.1).

, 

, 

.

, , . . 3.5 

 (I )  (It) 

 « » (U ) 

.

: 

Ua 2,8  — Ua 4,2 .

 [4]. 
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, 

 Ua,  ( Q) 

.

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
0

10

20

30

40

U  , 

It

I

0.0

0.1

0.2

0.3

0.4

0.5

I t,I 
,

. 3.5. I It

Ua U =8 

Q = 3,9·10-5 3 .

.3.6 ( , ) 

, 

. 3.6.
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.5

1.0

1.5

2.0

2.5

0

50

100

150

I t 
, 

I p
 , 

Q , 3

Ip

It

)

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0

50

100

150

Ip

Q , 3

I t
 , I p
 , 

It

)

. 3.6. I It

Q U = 11 . ( ) — Ua = 2,8 , ( ) — Ua = 4,2 .

,  (Ua) 

, 

.
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, 

. 3.6 ( , ), It / Ip

, . 3.7.

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
0.00

0.02

0.04

0.06

0.08

0.10

0.12

Ua=2,8 
Ua=4,2 

I t / 
I p

Q x104 3

. 3.7. It

Ip .

 ( . 3.6 , ) , 

 (Ip)  (It) 

. , 

. . 3.7 

. 

, 

.

 ( Ua = 4,2 ) 
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, . 3.8.  - 

 Ne (  4,7·10-5  1·10-4 3
· ).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
20

40

60

80

100

120

140

160

I =3,5 A

I =3,1 A

I =2,6 A

I =2,2 A

I t 
, 

A

U  , 

Q, 3

 4,7 10 -5

 5,6 10 -5

 6,9 10 -5

 9,8 10 -5

    1 10 -4

I =1,7 A

. 3.8. It Ne

U .

, . 3.8 , 

. ,

,

 (It)  

, .

.  (

) 

 11 %.
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,  Ne, He  Ar. 

. 3.9-3.11 U =11 .

0.0 0.1 0.2 0.3 0.4 0.5
100

101

102

103

104

Ar+

N+
2

Ne+

Ne2+

Ne3+

Ne4+

H+
2

I, 

B, 

H+

Ua=2,5 , Ia=0,34 
Q=3,9*10-5 3

I
t
=18,5 

Ne

. 3.9. .

0.0 0.1 0.2 0.3 0.4 0.5
100

101

102

103

104

105

106

He

N+
2

Ne+OH+

O+

C+

Ne2+

O2+N+

C2+

4He

H+
2
+4He2+

H+

Ua=4,3 , Ia=0,95 
Q=3,9*10-5 3

It= 35,6 

I, 

B, 

. 3.10. .
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0.0 0.1 0.2 0.3 0.4 0.5
100

101

102

103

104

105

N+
2

Ar+

Ar2+

Ar3+

Ar4+

Ar5+

H+
2

H+

Ua=2 , Ia=2,6 
Q=3,9x10-5 3

It= 24 

I, 

B, 

. 3.11. .

. . 3.12 

 « »

. , 

I It . 3.5).

 ( . 3.13-3.15).
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1.5 2.0 2.5 3.0 3.5 4.0 4.5
0

5

10

15

20

25

30

I,

U
a
, 

( )  1
 I(Ne2+) 20
 I(Ne3+)  200
 I(Ne4+)  1000

. 3.12. 

(Ne+, Ne2+, Ne3+, Ne4+) Ua Q = 3,9·10-5 3 U = 8 .

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Ia , 
It , 

Ua , 

I 
, 

0

5

10

15

20

25

30

I t , 

. 3.13. I It

Ua U =8 

Q = 1,67·10-5 3 .
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0

5

10

15

20
I(Ar+)
I(Ar2+)x5
I(Ar3+)x50
I(Ar4+)x200
I(Ar5+)x500

I, 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Ua , 

. 3.14. 

Ua Q = 1,67·10-5 3 U =8 .

1 2 3 4 5
0

100

200

300

400

500

600

700

800

900

I  , 
It ,

Ua , 

I
, 

15

20

25

30

35

40

45

50

55

60

I t , 

. 3.15. I It

Ua U = 8 

Q = 2,5·10-5 3 .
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 (  1), 

 (

.

 Ne i=+1…+4,  

,  (1.5). :

1

1
51141131121110

1 nvnnvnnvnnvnnvnn
dt
dn

eeeeeeeeeoe ;

2

2
52242232221120

2 nvnnvnnvnnvnnvnn
dt

dn
eeeeeeeeeoe ;

3

3
53343332231130

3 nvnnvnnvnnvnnvnn
dt

dn
eeeeeeeeeoe ;

4

4
54443342241140

4 nvnnvnnvnnvnnvnn
dt

dn
eeeeeeeeeoe ,

(3.2)

eoe vnn 10 … eoe vnn 40  -  i=+1…+4

; ee vnn 211 … ee vnn 544  -  

i=+1…+5 ; 1… 4  - 

4321  [24].

, 

. 

,  [35]:

e

a
c T

Br 210
, (3.3)

c –  ( ),  –  ( ), ra – 

 ( )  –  ( ) . 
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ra = 0,4  ( ),  = 1,23 , = 1…225 , 

c  8,7·10-9  2·10-6 .

Ri  ra, 

 [24]:

i
A

T
r

e
ai

14,1 , (3.4)

i – i  ( ), i –   ( )  

,  –  ( . . .). e =1  (R1=0,58 ), 

i=+1…+4 1 = 2,5 , 2 =1,7 , 3 =1,4 , 4 =1,2 , 

,  (3.3).

 [80] , 

: 

 ( Ua), 

, 

.

, I =Ie+Ii I =I 1+I 2, Ie ,  Ii -

, I 1 I 2 – ,

,

, . Ua=4,3 , I =1  

S = r 2 = 0,5 2 ne  1·105 -3.

 1.1. , 

i=+4

i=+5.

, 

i=+4: 

 - Ee  97  (U1 = 21,5 , U2 = 41 , U3 = 63 ,

U4 = 97 );  - Ee U1+U2+U3+U4 = 222,5 .
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, 

i=+5: 

 - Ee  75  (U1 = 15,7 , U2 = 27,6 ,

U3 = 40,9 , U4 = 59,8 , U5 = 75 );  -

Ee  = 219 .

, 

Ee  225 , 

.

Ee = 225 8
31

19

109,8
101,9

225106,122
e

e m
eUv ne  105 -3,

n0=3,5·1013 -3 (  = 0,13 ), 1=6,2·10-17 2,  2=4,3·10-17 2,

3=1,9·10-17 2,  4=7,4·10-18 2,  5=1,2·10-18 2,  2=3,1·10-18 2,

3=0,7·10-18 2, 4=1,32·10-24 2.

i=+1…+4,  t = 1 = 225 

 ( it )  (i):

i=+1: 3
11817135

1001
1109,1109,8102,6105,310tvnnn ee ,

c
n

t 12
11

1
1 102,5

109,1
11 ;

i=+2: 3
8818135

2002
1106,9109,8101,3105,310tvnnn ee ,

c
n

t 9
8

2
2 101

106,9
11 ;

i=+3: 3
8820135

3003
1101,2109,8107105,310tvnnn ee ,

c
n

t 9
8

2
3 107,4

101,2
11 ;

i=+4: 3
3824135

4004
1101,4109,81032,1105,310tvnnn ee ,

c
n

t 3
3

4
4 104,2

101,4
11 .
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i=+2…+4,

 t = 1 = 225 

 ( it )  (i):

i=+2: 3
8817115

2112
1102,7109,8103,4109,110tvnnn ee ,

ct
n

t 9129
81

2
2 103,1102,5103,1

102,7
11 ;

i=+3: 3
6817885

3223
1107,2109,8109,1)102,7106,9(10tvnnn ee ,

ct
n

t 797
62

2
3 107,3101102,6

107,2
11 ;

i=+4: 3
3818635

4334
1107,1109,8104,7)107,2101,4(10tvnnn ee ,

ct
n

t 494
33

4
4 108,5107,4108,5

107,1
11 .

, =225 :

ct 12
1 102,5 , ct 9

2 101 , ct 9
3 107,4 , ct 3

4 104,2 , :

ct 9
2 103,1 , ct 7

3 107,3 , ct 4
4 108,5 .

, 

= 3000  (Ua = 3 ). Ee = 3000 

9
31

19

102,3
101,9

3000106,122
e

e m
eUv , ne  105 -3, n0 = 3,5·1013 -3 (

 = 0,13 ), 1=1,6·10-17 2,  2=9,5·10-18 2,  3=4,4·10-18 2,

4=2,3·10-18 2,  5=1,2·10-18 2, 2=6,2·10-19 2,  3=3,4·10-20 2

4=2,2·10-21 2.

i=+1…+4,

 t = 1 =3000 

 ( it )  (i):

i=+1: 3
11917135

1001
1108,1102,3106,1105,310tvnnn ee ,
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c
n

t 12
11

1
1 105,5

108,1
11 ;

i=+2: 3
9919135

2002
1109,1102,3102,6105,310tvnnn ee ,

c
n

t 10
9

2
2 102,5

109,1
11 ;

 i=+3: 3
8920135

3003
1108,3102,3104,3105,310tvnnn ee ,

c
n

t 9
8

2
3 106,2

108,3
11 ;

i=+4: 3
6921135

4004
1104,2102,3102,2105,310tvnnn ee ,

c
n

t 7
6

4
4 101,4

104,2
11 .

, 

i=+2…+4,  t = 1 ,  = 3000 

 ( it )  (i):

i=+2: 3
8918115

2112
1109,5102,3105,9108,110tvnnn ee ,

ct
n

t 9129
81

2
2 106,1102,5106,1

109,5
11 ;

 i=+3: 3
6918895

3223
1105,3102,3104,4)109,5109,1(10tvnnn ee ,

ct
n

t 797
62

2

107,2107,1107,2
105,3

11 ;

 i=+4: 3
5918685

4334
1107,2102,3103,2)105,3108,3(10tvnnn ee ,

ct
n

t 676
53

4

101,4101,4107,3
107,2

11 .

, =3000 :

ct 12
1 105,5 , ct 10

2 102,5 , ct 9
3 106,42 , ct 7

4 101,4 ,  

: ct 9
2 106,1 , ct 7

3 107,2 , ct 6
4 101,4 .
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 (i) = 225 = 3000 , ne  105 -3, n0=3,5·1013 -3

. 3.16 ( , ).

10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1

Ne4+
Ne3+Ne2+

Ne+

t, c
)

10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1

t, c

Ne4+Ne3+Ne2+
Ne+

)

. 3.16. 

i=+1…+4 ne  105 -3, n0 = 3,5·1013 -3,  – ,

 – :

) – = 225 , ( ) - = 3000 .

, , . 3.16, , 

, 

, = 3000 

, c  2 .

, 

= 225 = 3000  ( c).

21 >> 31 >> 41 >> 51  ( = 225 2 = 4,3·10-17 2,  3=8,8·10-19 2),

32 >> 42 >> 52  ( = 225 3 = 1,9·10-17 2,  4=1,5·10-19 2)  
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43 >> 53 , ee vnn 311 , ee vnn 411 , ee vnn 511

ee vnn 422 , ee vnn 522 , ee vnn 533

 [24].  (3.2)  (n1)

 (ni):

,1
21

100
1

ce
e

e

n
v

vn
n

ce
eii

eiiiei
i

n
v

vnvn
n 1

1

1100
. (3.5)

. 3.17 ( , ) -

ni / n1  ( c) ne  105 -3,

n0=3,5·1013 -3 = 225 = 3000 .

1 2 3 4
10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

 10-3c
 10-2c
 0,1 c
 1 c
 10 c
 102 c
 103 c

, i

n i / 
n 1

)

. 3.17. ( ) - ni / n1

c ne  105 -3, n0 = 3,5·1013 -3, = 225 .
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. 3.17 cen <105 -3

. , 
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1 1

101Mi

i eii
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 (3.5) ni

: eicei vnnn 00 .

, 1nni
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e

eii

E
E
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10

0

1

.

. 3.18  3.19 

, , 

)(/)( 100 eei EE

e=3 e=1,8  [81-83]. 
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.

1 2 3 4

10-4

10-3

10-2

10-1

100

10-4

10-3

10-2

10-1

100

(N
ei+

)/
(N

e+
)

n(Nei+)/n(Ne+), Ua=3 

(Nei+)/ (Ne+), Ee=3 

n(
N

ei+
) /

 n
(N

e+
)

, i

. 3.18. 

E =3 .
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100
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10-1
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n(Ari+)/n(Ar+), Ua=1,8 

(Ari+)/ (Ar+), Ee=1,8 

, i

n(
Ar

i+
) /

 n
(A

r+
)

. 3.19. 

E =1,8 .

 3.2 

, , 

, 

4 .  3.2 

e

ei

E
E

10

0 ,

 [82, 83], .
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 3.2.

 Ne, Ar  He.

, , ). 

, ,

, , 

 [80].

, 

, 

.

2+/ + 3+/ + 4+/ + 5+/ +

-

0,424·10-1

( =0,5 )
2,29·10-3

( =0,5 )
1,26·10-4

( =4 )
[83]

0,43·10-1 2,7·10-3 2,4·10-4 - [6]
0,7·10-1 4·10-3 1,4·10-4 - [4]
1,2·10-1 6,45·10-3 - - [77]

Ne

4·10-1 5·10-3 2,5·10-4 - [84]
0,57·10-1

( =0,5 )
1,28·10-2

( =4 )
2,33·10-3

( =4 )
3,06·10-4

( =4 )
[82]

1,15·10-1 0,7·10-2 1,8·10-3 2,1·10-4 [6]
1·10-1 1,2·10-2 2,3·10-3 3,45·10-4 [4]

1,38·10-1 1,3·10-2 - - [77]
2,5·10-1 1,3·10-2 0,75·10-3 - [84]

Ar

0,5·10-1 - - 0,1·10-4 [85]
4,89·10-3

( =0,8 ) - - - [83]

4,3·10-3 - - - [6]
5,5·10-3 - - - [4]
4,3·10-3 - - - [76]
6,6·10-3 - - - [85]

He

4,1·10-3 - - - [86]
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 2 . , 

 ( ex ) :
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n0 – , ex  - , iv  - .
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,  1 , 5
27
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1410ex
2 n0=3,5·1013 -3
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 2000 7
27
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» 
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, .

(Ua) (Q)  4,7·10-5  1·10-4 3 .

. 3.20 I

 (It) Q = 2,5·10-5 3 , 
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2
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 0,8 (

).

. 3.22 ( , ) 2
+ +

 [87] .

0 200 400 600 800 1000
10-19

10-18

10-17

10-16

10-15

 H2 + e --> H+
2 + 2e

 H2 + e --> H++ ....

2

Ee , 

)

0 200 400 600 800 1000
0.00

0.02

0.04

0.06

0.08

0.10

e

ee

E
EE

)6.3(

)8.3()7.3(

Ee , 

. 
.

)

. 3.22 ( ) - 2
+ +  [87].

) – +
2
+.



96

. 3.22 ( ) 

 0,06, , 

,  (

 0,8) . ,

 [24], +

.

, , 

, ,

.

3.3. 

, 

.

. 

, 

.

 « » 

 1  1  [73]. 

, ,  60 .

.

 [88, 89], 

, . 

 (Ua)  5 
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4,7·10-5  1·10-4 3 . 

.

, , 

, :

 « » (U );

 (Q);

.

, , 

. 

. 2.2.

 – 

.

 Ne 

(4,3 )  –  (2,5…8,9)·10-5 3 .

. 3.23 ( , ).

 Ne, . 3.23 ( ),

 ( -

).

 (

), 

:

2

2
max 4ln2

max

E
EE

e
E
IE

E
I

, (3.10)

E  -  ( ), Emax –

E
E
I .
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0.008
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4

3

2

1

E,

|
/

U
|

         ( )

. 3.23. ( ) – 

. U =4,3 . 

: 1 – 8,9·10-5 3 , I =1,6 A; 2 – 7,24·10-5 3 , I =1,2 A;

3 – 5·10-5 3 , I =0,6 A; 4 – 2,5·10-5 3 , I =0,3 A.

) -  Ne, . 3.23 ( ).
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, :

2
2

2
2max

2
1

2
1max 4ln2

2max

4ln2

1max

E
EE

E
EE

e
E
Ie

E
IE

E
I (3.11)

. 3.24 

 Ne Q = 8,9·10-5 3 , I =1,6 A, 

(3.10)  (3.11).
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Q = 8,9·10-5 3 , I =1,6 A ( . 3.23 ( ),  1). 1 – ,
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.
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 (3.11) , 

,

:

UUhUUh
I
I

I
I

IUI
21 log2

2

1

log1
2

1

max 101

1

101
(3.12)

. 3.23 ( ), 

 [(1)  (2)] U1  U2

, max1 max2

) h1 = I1 / U1 h2 = I2 / U2. I1 I2 – 

, It – .

 He 

4,3  2,2·10-5 3  8,9·10-5 3 ,  

 8,9·10-5 3

: 1 – U = 4,3 , Ia = 1,6 A; 2 – U = 3,5 , Ia = 2,2 A; 3 – U = 2,8 ,

Ia = 2,1 A.

. 3.25 ( ), 3.26 ( ) -

 [ . 3.25 ( ), 3.26 ( )] - 

.
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3 – 5·10-5 3 , I =1,2 A; 4 – 2,2·10-5 3 , I =0,6 A.

) - , . 3.25 ( ).
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E, 
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. 3.26. ( ) - 

8,9·10-5 3 : 1 – U =4,3 , I =1,6 A; 2 – U =3,5 , I =2,2 A;

3 – U =2,8 , I =2,1 A.

) - , . 3.26 ( ).
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 3.3  3.4 

,  - 

, . 

0 – , Emax – 

 ( ) E – 

).

 Ne  He, 

 (3.11, 3.12), 

E1 E2 , 

 I1 / It I2 / It..  3.5

 3.6.

 3.3.

.

Q·105

3
I , 0, Emax1, E0/Ua Emax1/Ua

E, E/Emax1, %

: Ne
8,9 1,6 4300 4217 1 0,98 160 3,8

7,24 1,2 4292 4181 0,998 0,97 182 4,3
5 0,6 4269 4151 0,99 0,96 188 4,4

2,5 0,3 4169 4103 0,97 0,95 144 3,5
: 

8,9 2,8 3896 3694 0,92 0,86 250 6,75
7,24 2,2 3818 3662 0,88 0,85 185 5

5 1,2 3755 3599 0,87 0,83 163 4,5
2,2 0,6 3582 3495 0,83 0,81 99 2,8
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 3.4.

U , Q = 8,9·10-5 3 .

U , I , 0, Emax1, E0/Ua Emax1/Ua E, E/Emax, %
4,3 2,8 3896 3694 0,92 0,86 250 6,75
3,5 2,2 2586 2312 0,74 0,66 278 12
2,8 2,1 1943 1686 0,69 0,6 241 14,3

 [4] , 

/ iI E m , 

im  - . 

HeNeNeHe mmII

 2,24. 

 (  3.5) , 

He NeI I  2,24 (2,6; 2,17; 2,38) 

(5 - 8,9) 10-5 3 ,  2,2-2,5 10-5 3  1.

,  2,2-2,5·10-5 3

 Ne  He 

.

 3.5.

Ne  He Q.

 Ne, Ua=4,3 
Q,·105

3
It, I1, E1, I2, E2, 

I1/ It

·100%
I2/ It

·100%
8,9 3,1 0,91 111,5 2,19 861 29,35 70,65

7,24 2,8 0,66 129 2,14 896 23,57 76,43
5 1,8 0,37 116 1,43 1123 20,5 79,5

2,5 1,14 0,53 104 0,61 2048…4168 46,5 53,5
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 3.5
, Ua=4,3 

8,9 7,4 3,05 175 4,35 976 41,2 58,8
7,24 6,1 2,22 123 3,88 1978…3818 37 63

5 4,8 1,98 109 2,82 1882…3755 41,2 58,8
2,2 1,15 0,78 80 0,37 1716…3582 67,8 32,2

 3.6.

 He Ua, Q = 8,9·10-5 3 .

Ua, 
It, I1, E1, I2, E2, I1 / It

·100%
I2 / It

·100%
4,3 7,5 3,15 175 4,35 976 42 58
3,5 5,96 2,38 194 3,58 0…2585 40 60
2,8 4,9 2,08 166 2,82 0…1943 42 58

. 3.27 ( , ) . 3.28  

0, max1 max2  Ne e 

Ua = 4,3 e Ua Q = 8,9·10-5 3 . 

, 0 max1

 Ne  He. . 3.27 ( , ).

 He 0 max1 Ua . 

 ( max2=3580 ,

3624 , 3835 ) 

 ( . 3.23 ( ) . 3.26 ( , )). 

Q = 8,9·10-5 3
max2=3565  [ . 3.26 ( )].
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 (

 – 125  274 ) 
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.

, 

. 3.29 ( , ).

 (
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, , 
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) )

. 3.29. . 1 – ,

2 – , 3 – .  – , b – 

 [  (2)] ,

c – .

. 3.30 

. 3.29 ( )  « »: 11, 8, 5 ,

 (125  274 ) . 

:  ( ) – 4 , 

 (b) – 4 

(c) – 4  (  4 4).

. 3.31 , 

 ( ) – 2 , 

 (b) – 4  (c) – 4 

 2 4); . 3.32 – :  = 2 , b = 2  c – 4 

 2 4); . 3.33 – :  = 2 , b = 2  c=2 

 2 2). 

: Ua = 4 

 Ne – Q  8,6·10-5 3 .



110

0 2 4 6 8 10 12 14 16 18
0

200

400

600

800

1000

1200
U =11 

 L=125 
 L=274 

U =8 

 L=125 
 L=274 

U =5 

 L=125 
 L=274 

j ,
 

 / 
2

R, 

4x4x4
Ua=4 
Ia=1,1 A

Q=8,610-5 3

. 3.30.  4 4.

0 2 4 6 8 10 12 14 16 18
0

200

400

600

800

1000

1200

U =11 

 L=125 
 L=274 

U =8 

 L=125 
 L=274 

U =5 

 L=125 
 L=274 

j ,
 

 / 
2

2x4x4
Ua=4 

Ia=1,4 A

Q=8,6x10-5 3

R, 

. 3.31.  2 4.



111

0 2 4 6 8 10 12 14 16 18
0

200

400

600

800

1000

1200

j ,
 

 / 
2

R, 

2x2x4
Ua=4 
Ia=1,2 A

Q=8,6x10-5 3

U =11 

 L=125 
 L=274 

U =8 

 L=125 
 L=274 

U =5 

 L=125 
 L=274 

. 3.32.  2 4.

0 2 4 6 8 10 12 14 16 18
0

200

400

600

800

1000

1200

j ,
 

 / 
2

R, 

2x2x2
Ua=4 
Ia=1,2 A

Q=8,6x10-5 3

U =11 

 L=125 
 L=274 

U =8 

 L=125 
 L=274 

U =5 

 L=125 
 L=274 

. 3.33.  2 2.



112

, 

 ( . 3.34) 

.

. 3.35  (1) 

, 

 4 4.  90 

.  (2) 

 IBSIMU [91]. 

 4.2.

0 2 4 6 8 10 12 14 16 18
0.0

0.2

0.4

0.6

0.8

1.0

1.2

L=125 

4
4
4
2

I 

R, 

L=274 

. 3.34. , 

 Ne 

U =11 .



113

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

,
.

R, 

1
2

. 3.35.  Ne 

, 1 – , 2 – .

 (1)  (2) . 3.35 ,

, . 

 1 , 

 0,1  ,  

 0,50

.

,  [90] 

:

2

2
6

2/3 1033,2
d
r

U
IP k , (3.13)

rk –  ( ), 

, d – 

, U  – , I – .



114

, , 

, f :

d

z
U

Uf

dz

34
(3.14)

:

d
r

f
r

atga
3

(3.15)

 (3.15) 

.  4 4 

 = 0,022 ,  2 4 – 0,042 ,  2 4  2 2 – 0,083 . 

 ( ),  IBSIMU 

.

, 

. 

 1  2  0,92 .

.

, 

, .



115

 4 4  (3.11) 2,2 3/2,  

3 -2 -2 -1 .

:

;

 (

2,2 3/2, 3 -2 -2 -1) 

 (10…20)% 

. 

4.

 [3, 5, 6] 

 [15-18]

3.5. 

, 

:

-  - 3,5 ;

-  25 ;

-  (  Ne –  200 , 

 -  1000 ) 

, , 

.  Ø1 

, , 

.



116

, . 

 0,123 .

, :

 (0,8…5) ;

: (1,4…8,9)·10-5 3

;

: 0…5 ;

 Ne4+ 1  1 .

 (Ne  Ar)  (

).

, 

.  10%.

,  – 

. , 

 0,12 . 

 3 -2 -2 -1.

, 

, , .

 ( ) 

 94 ,  – 125 .

, 

,   ( ,  

, , ,

) 

 « ».



117

 4. 

 « »

 « » [12]. 

 [7]. 
4 2+

2
+  ( ) 

,  79  300 ,

 [9, 14]. 

2
+ 4 2+.

4.1. 

, .

 [3, 5] 

, 

, 

, .

:

;

;

;

;

.



118

 « »

 300  –

1,8 . 

. 

 –

, , .

. 

, ,  (

) 

.

, :

 «  – 

»;

.

 ( , 

 [60],  [59, 62, 63]) 

, , 

, , , 

, 

). 

 4.2.



119

4.2. 

. 

, , 

 « ». 

. 4.1.  (1),

 (2) .

, 

 « » 

, 

 [5, 6].

. 4.1.  « »:

1 – , 2 – , 3 – 

.



120

 [92].

, 

Einj t (

).

, 

, ) – , 

 – ,  –

.

, , 

 [93], :

22

2

12
2

13
8

113
1

2
2

3

11
01

10
1

21
11
01

R
R

LR
RR

R
LR

f
R

R
L

f
A , (4.1)

L – , 2
1

00 UUvvR  – 

, 144 2
001 RLUULUf  –

, 144 22
02 RLRUUULf  – 

.

p

f1,  q – f2

, 

:

1 1
0 1 0 1

q p
B A , (4.2)



121

,  « » 

 « » 

,  (4.2) 

:

2

2

2

4 1 3 1
3 1 1

3
4

L R q R R
p

q R R
R

LR
(4.3)

,

, 

.  4.3 

 (  2 ) 

 (

 2200 ) p = 20…170 ,

,  4…16 .

R, 

p.

p, 

, , 

, 

.

, 

, 

.



122
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 C++, 

.  IBSIMU 

Linux  Windows :

 2D DXF ,  3D STL 

;

 (2D  3D) ;

;

 IBSIMU .

 (

x z),  (

z),  0,3 , 

 0,01% 

2 .

, 

 (z) (

,  3.4), 

 « » .

, 

. , 

. 4.2, . 4.3 ( , ). . 4.3 ( )

, 



124

, 

. 4.3 ( ) –  (3200 ).

, 

. 4.3, 

(dx/dz x). . 4.4.

0 10 2 0 3 0 4 0 50 6 0 70 8 0 90 10 0 1 10 1 20 1 3 0 14 0 1 5 0
-3

-2

-1

0

1

2

3 2 1  

L , 

X
, 

)

0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 50 0 3 0 0 0
-4

-3

-2

-1

0

1

2

3

4

X
,

L , 

)

. 4.3.  ( ) (

.4.2)  ( ). U =1,8 ,

U = 11 , U = 7 ,  4 . 

 (L  1500 ).



125

-2 -1 0 1 2

-0.04

-0.02

0.00

0.02

0.04
Z=0 ;

Z=3200 :
=4000 e
=4150 e
=3850 e

X, 

dx
/d

z,
 

. z
 =

 0

-4.0x10-4

-2.0x10-4

0.0

2.0x10-4

4.0x10-4

dx
/d

z,
 

. Z
=3

20
0 

. 4.4. dx/dz x

, .4.4 ( ), z = 3200 .

 –  (z = 0 );

 –  4000 ;

 -  4150 ;

 -  3850 .

. 4.4, 

4000 150 

. , 

 (  3.3),

 « ». , 

 4 

 (z = 3200 )  0,4 .

dx/dz  (z) 

. , . 4.4, 



126

dx/dz

z , . 4.5 ( , ).

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

1 

2 

z, 

dx
/d

z

              ( )

200 400 600 800 1000 1200 1400
-2.5x10-3

-2.0x10-3

-1.5x10-3

-1.0x10-3

-5.0x10-4

0.0

5.0x10-4

1.0x10-3

1.5x10-3

2.0x10-3

2.5x10-3

dx
/d

z

z, 
                ( )

. 4.5. dx/dz  (z).

) – , ( ) – .



127

.4.6 ( ) 

, 

. 

.
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.
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