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IV. Estimation of the conductive layer deposition area on the MLA insulator

Miniature linear accelerators (MLA) are widely applied in many science and technology fields, such as, in a sealed neutron generator, which can be used in oil well logging, neutron

activation analysis, explosive detection, coal analysis [1,2]. D + T → α(3.5 MeV) + n(14.1 MeV).

1 Dukhov Automatics Research Institute (VNIIA), 22 Suschevskaya Ul., Moscow, Russia,127055, 
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1. At a pressure of 5 mTorr, more than 35% of the particles (charge exchange neutral particles and scattered ions) from the initial beam incident on the accelerating electrode and about 15% incident on the focusing electrode.

Thus, the total flow on the electrodes surfaces is about 50% of the equivalent current of the main beam incident on the target,

2. The deposited layer on the insulator is formed from three characteristic areas. In particular, particles sputtered from the edge of the accelerating electrode are deposited into the area between the focusing and accelerating

electrode (10 < z < 25mm). The area of the inner accelerating electrode surface nearest to the edge deposited on the insulator of 10 < z < 25mm. The middle of the inner accelerating electrode surface is responsible for the

deposition of the layer in 5 < z < 20mm. The area of the inner accelerating electrode surface located near the target forms a deposited layer in 0 < z < 15mm,

3. In the central insulator region (the interelectrode space of 15 < z < 25mm) deposited layer is a superposition from sputtering of the edge and the middle of the inner surface of the accelerating electrode ,

4. Sputtering the inner surface of the focusing electrode leads to the formation of deposition layer behind the accelerating electrode (15 < z < 35 mm),

5. Estimated value of the deposited metal layer on the insulator MLA
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One of the main reasons for failure work MLA is the decrease electrical strength of the high-voltage insulator. It is often associated with a change in the

surface conductivity of the high-voltage insulator due to deposition on its inner surface metal layer during prolonged operation. When a certain thickness of

the conductive metal layer is formed on the insulator between the accelerating electrode and the focusing electrodes, a high-voltage breakdown is provoked

[3]. The metal layer is under a floating potential and is gradually charged, so its potential increases. There is a distortion of the initial potential distribution.

And when the maximum field strength is reached, a breakdown occurs along the surface of the insulator. If this process is repeated repeatedly, the MLA will

stop working [3,4].
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To determine the electrode sputtering areas, it is necessary to consider additional processes of interaction of the ion beam with the residual gas during its transportation to the  MLA.

The simulation took into account the resonant recharge                                           and

Experimental determination of

the initial parameters of the

beam.

At the initial stage, the emittance

was experimentally determined, the

calculation method is described in

[3]. The emittance was determined

in the output aperture plane of the

focusing electrode [5]. Also, to form

the input data for trajectory

simulation, experimental results of

measuring the energy spectra of

the extracted ions [7] and

measuring the beam profile on the

target depending on the

accelerating voltage were used [8].

Trajectory analysis based on the PIC

data

Since the simulation particle beam

motion, based on data from [3,5], does

not take into account the motion of

particles in the focusing electrode, the

data of Particle – in – cell (PIC)

simulations of the Penning ion source

were taken [12,13]. From the PIC data

array particles located near the extraction

aperture of ion source were selected

(their position x,y,z, speed vx, vy, vz were

recorded). After that, the sorted array of

particles (approximately 50•103 particles)

was loaded into COMSOL Multiphysics.

Conditional division of the surfaces of the focusing and 

accelerating electrodes into zones

III. Angular (above) and energy (below) distributions of charge neutrals (N) and 

scattered ions (I) incident on the accelerating and focusing electrodes.
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Averaged particle characteristics

Percentage % of the number of 

primary particles.

Electrode zone

Incidence angle relative to 

the normal Θ0

Average particle 

energy, keV 

«Emittance»

data PIC data

Top_N 50o 3 0,17 1,35

Angle_N
-30o 3,8

1,18 4,02
10o 3,8

Left_N
60o 5,2

0,83 1,72
15o 5,2

Inner_1_ION 50o 38 0,6 0,59

Inner_1_Neutral

10o 10

3,68 4,42
50o 10

Inner_2_ION

10o 39

3,52 3,03
30o 39

Inner_2_Neutral

10o 14

7,37 7,26
30o 14

Inner_3_ION

20o 33

4,04 2,7
60o 33

Inner_3_Neutral

20o 16

6,7 6,47
60o 16

Inner_4_ION

15o 29

4,04 2,08
50o 29

Inner_4_Neutral

20 o 17

4,15 4,8
50o 17

⅀ 36,3 38,4

Focus_1_N 35o 0,1 - 1,9

Focus_2_N 20o 0,2 - 5,6

Focus_3_N 3o 0,45 - 7,1

Focus_Left_N 3o 0,13 - 0,5

⅀ 15,1

⅀⅀ 53,5

-100-80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180 200

0

50

100

150

200

250

300

350

N
, 

re
la

ti
v
e
 u

n
it
s

Angle

 Top zone

 Angle zone

 Left zone

0 2 4 6 8 10 12 14 16 18 20

0

100

200

300

400

500

600

N
, 

re
la

ti
v
e

 u
n
it
s

E, keV

 Top zone

 Angle zone

 Left zone

To estimate of the conductive layer deposition area on the MLA insulator , a simulations of the sputtering of the stainless steel surface (electrode material) with deuterium atoms in the BCA codes SRIM [14] and SDTrimSP [15], SCATTER [16,17], were done. The result of

simulation in these BCA codes were the energy and angular spectra of reflected and sputtered particles from a small surface element. That is, the final file of the SCATTER, SRIM or SDTrimSP programs contains an array of data in which there is information about the type

of particle (primary reflected from the surface or sprayed particle), its energy during departure and the direction of its leave from the surface. At the same time, the initial angular and energy distributions of incident deuterium ions and neutrals obtained as a result of trajectory

analysis in COMSOL were taken into account for each electrode region. The data obtained during the sputtering simulation were loaded "back" into COMSOL Multiphysics to calculate the motion of sputtered and reflected particles in the MLA. To take into account the size

(area) of the sputtered surface, the initial position of the particle was set randomly within this zone.
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Averaged characteristics of corpuscular

flows incident on various surfaces of

the focusing and accelerating

electrodes.

In the first approximation, it is possible to

distinguish the characteristic angles and

the average energy of the particles

bombarding the surface of the electrodes

by analyzed obtained angular and energy

distributions.

For example,

On average, neutral particles fall into the

upper zone of the accelerating electrode

edge "Zone TOP" at an angle of incidence

of Θ0=50o relative to the normal, with an

average energy of <E> = 3 keV, 0.17% of

the primary particles number incident into

this electrode area.

The experimental data and the simulated distribution coincide well – the total area of the sprayed layer is precisely determined. However, the maximum of the distribution of sprayed particles modeled in SCATTER is more strongly shifted to the area behind the focusing

electrode, while the maxima of SRIM or SDTrimSP coincide well with the experiment. It should be noted that the results of modeling in SDTrimSP better match the experimental data. The width at the half-height of the spectrum (FWHM) for SDTrimSP coincides with the

experimental one, while the FWHM for SCATTER is wider, and the FWHM for SRIM is narrower. Nevertheless, the simulated distributions , as well as the experiment, have three pronounced peaks. Figures shows the areas of sputtering of particles deposited from the edge

of the accelerating electrode (a), the inner surface of the accelerating electrode (b) and the focusing electrode (c).
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V. Results SDTrimSP simulations - the distribution of Fe atoms deposited on the high-voltage insulator, sputtered 

from different zones of the accelerating and focusing electrode. 

VI. Estimation of the thickness of the deposited layer and its growth rate
Also estimates of the deposited layer thickness of and its growth rate were done.  The number of Fe atoms in the layer is equal to:

Taking into account the sputtering coefficient (based on SDTrimSP simulations) and geometric factors (based on COMSOL simulations), the sputtering coefficient 

(i.e., the ratio of metal particles deposited on the insulator to the particle flow to the electrodes) is equal to -

There is 50% of the equivalent current of the main beam On the electrode surfaces. With this in mind, at an average MLA current of 100mkA, the internal surfaces of the electrodes fall: 

.

Thus, the deposited area on the inner insulator surface is ~23.2 cm2 (with a radius of 20mm). That is, it is necessary   particles to create a uniform metal layer of one nm. 

In total, we obtain that                                                                                                are deposited on the insulator.

. 

Therefore, the growth rate of the metal film on the insulator can be estimated as:

This value indicates that in 

100 hours the thickness of 

the sprayed layer will be 

85 nm.
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