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Formation of beam plasma in nitrogen atmosphere by a pulsed electron

beam near a dielectric target in the forevacuum pressure range
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Features of the processes of beam plasma formation near a dielectric (aluminum oxide ceramic) target being

irradiated by an intense pulsed electron beam in the forevacuum pressure range (4−15 Pa) have been investigated.

It has been established that the density of the beam plasma near the irradiated dielectric target is higher than in

the case of
”
free“ propagation of the electron beam. The observed increase in plasma density depends on the

emission current (electron beam current), gas pressure, and accelerating voltage. The influence of the dielectric

target on the beam plasma density is due to emission of electrons from the target surface and the uncompensated

negative potential on the target surface, which determines the energy of emitted electrons. An increase in gas

pressure leads to a smaller increase in the beam plasma density due to a decrease in the absolute value of the

negative potential. Varying the electron beam current and accelerating voltage provide to control the beam plasma

density.
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Introduction

When charged particle beams are injected and then

transported through a gas medium [1–6] and when laser

beams pass through a gas [7,8], the so-called beam

plasma is formed. In particular, beam plasma is gener-

ated using pulsed and continuous low-energy (with en-

ergy not more than tens of keV) electron beams [4–6].
Beam plasma formed by electron beams has properties

that make it an effective tool for solving various scien-

tific and technological problems associated with plasma

chemical processes [9,10], treatment (etching, activation,

etc.) of the surface of materials and products [11–13],
formation of protective and functional coatings [14,15],
synthesis of nanoparticles [16] and a number of other

applications [17,18]. Also, when using chemically active

gases, the use of electron beam for plasma formation

can avoid problems associated with poisoning of elec-

trodes of conventional gas-discharge systems by products

of interaction of electrode material with plasma. In

addition, the electron beam method of producing beam

plasma can be used to generate atomic and molecular

ions, which are difficult to obtain by other methods, by

evaporating a target of the desired material with an electron

beam. In this case, the electron beam simultaneously

provides evaporation and ionization of the target mate-

rial [19].
In addition to the electron beam parameters, the density

of the generated beam plasma strongly depends on the

gas pressure. Therefore, forevacuum plasma electron

sources [20–22], whose operating pressure (1−100 Pa)
is 1−3 orders higher than for

”
conventional“ electron

beam sources, provide the formation of a denser beam

plasma. This allows effective treatment of various dielec-

tric materials (ceramics, polymers, glass) with electron

beams in the forevacuum pressure range due to the fact

that the flow of positive ions from the beam plasma

provides compensation for the negative charge brought

by the electron beam to the surface of a nonconducting

material [23,24].

Beam plasma generation in the forevacuum pressure

range and its influence on the steady-state potential of a

dielectric target are well enough studied for continuous

electron beams with currents up to hundreds of mA [25–27].
At these currents, the negative potential is typically less

than hundreds of volts and decreases as the gas pressure

increases. When irradiated by an intense pulsed electron

beam with high currents, the negative potential also de-

creases with increasing pressure, but its value can reach

units of kV at low gas pressures [23,24]. Such potential

values can influence the formation of a beam plasma near

a non-conducting target, which in turn will affect the

processing of this target. In this connection, the aim of the

present work was to investigate the peculiarities of beam

plasma formation by means of an intense pulsed electron

beam near a dielectric target in the forevacuum pressure

range.
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1. Experimental setup and research
technique

A pulsed low-energy (up to 8 keV) electron beam of

large radius was generated by a wide-aperture forevacuum

plasma electron source, which was mounted on the flange

of the vacuum chamber (Fig. 1). The parameters as well

as a detailed description of the design and principle of

operation of the electron source used are presented in [22].

The vacuum chamber was evacuated only by a mechanical

forevacuum pump to the ultimate pressure level of 1 Pa.

The operating pressure p = 4−15 Pa was controlled by

the rate of gas (nitrogen) supply to the vacuum chamber,

while the rate of chamber pumping by the forevacuum

pump remained unchanged. High-purity nitrogen (nitrogen

volume fraction of at least 99.99%) was used in the

experiments. On the one hand, the choice of the working

gas is due to the fact that nitrogen is one of the most

common gases and is widely used in various beam, plasma

and plasma chemical processes. On the other hand, nitrogen

has an ionization cross-section which provides, as shown by

studies with a continuous electron beam [26], a sufficiently

dense beam plasma and, in the case of a forevacuum

pulsed electron source, provides a higher operating pressure

and/or longer beam pulse duration than gases with a larger

ionization cross-section (e.g. argon) [22].
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Figure 1. Schematic diagram of the experimental setup:

1 — current lead, 2 — insulator, 3 — ceramic insulator, 4 —
cathode, 5 — trigger electrode, 6 — redistributing electrode, 7 —
anode, 8 — accelerating electrode, 9 — high voltage insulator,

10 — power supply, 11 — electron beam, 12 — beam plasma,

13 — ceramic target, 14 — movement system, 15 — metal target,

16 — insulator, 17 — probe, 18 — dc voltage source, 19 —
spectrometer, 20 — fiber optic, 21 — vacuum inlet, 22 — vacuum

pump.

The electrical power supply unit of the plasma electron

source provided a pulsed current Id of the arc discharge

forming the emission plasma at dc accelerating voltage Ua .

Propagating in the vacuum chamber, the electron beam

formed a beam plasma as a result of ionization of the

working gas. A ceramic target made of alumina ceramic

of VK 95-1 grade (dielectric constant — less than 10,

specific bulk electrical resistivity — less than 1013 � · cm)
was installed on the electron beam propagation path. The

receiving surface of the target had dimensions 50 × 50mm,

and the thickness of the target was 8mm. The target was

mounted on a movement system that allowed the target

to move in the vacuum chamber. This made it possible

to study the beam plasma formation both in the presence

of a target and in case of
”
free“ beam propagation. In

both cases, a stainless steel collector was placed at the

bottom of the vacuum chamber (at a distance of 45 cm from

the electron beam source). During beam irradiation, the

target was positioned so that its center coincided with the

symmetry axis of the electron beam, the target plane was

perpendicular to the beam propagation direction, and the

distance from the electron source to the target was 25 cm.

The diameter of the electron beam in the target area

was 7 cm. To investigate the beam plasma formation during

free propagation of the electron beam, the ceramic target

was moved outside the beam propagating path. In a

series of experiments, a stainless steel target, which was

placed similarly to the ceramic target, was used to evaluate

the magnitude of the potential arising on the ceramic

target under electron beam irradiation and its effect on the

formation of the beam plasma. The metal target had the

same receiving surface 50× 50mm, but lower thickness —
2mm. The stainless steel target was attached to a movement

system via an insulator, allowing direct measurements of its

floating potential ϕt when irradiated with a pulsed electron

beam. This potential relative to ground was measured with

a TESTEC HVP-15HF oscillographic probe (Fig. 1).

Since direct measurements of the electron beam current

Ib during irradiation of a ceramic target are not possible, the

beam current was estimated by measuring the current in the

circuit of the high-voltage accelerating voltage source Ie ,

which is almost identical to the total emission current

from the plasma. Our earlier studies have shown that

the current Ib of the electron beam, as measured by the

Faraday cup, is found to be smaller by 25−35% than the

current Ie [22] as a function of pressure. The current Ie in

the experiments was 10−40A, the accelerating voltage Ua

varied from 2 to 8 kV. The duration and pulse repetition rate

of the discharge current and, consequently, of the electron

beam current were 500µs and 1Hz, respectively. The beam

parameters were chosen to provide an energy density in the

pulse insufficient for appreciable vaporization of the target

material. At the same time, the surfaces of the used targets

were cleaned and subjected to prolonged beam irradiation

before measurements of beam plasma parameters to remove

the remaining fusible inclusions and absorbed gas.
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The beam plasma density was measured using a single

planar Langmuir probe with a protective shield preventing

the electron beam from hitting the collecting surface of the

probe. The plane of the collecting surface of the probe

was parallel to the beam propagation direction (i.e. parallel
to the beam symmetry axis), and in horizontal coordinates

the position of the collecting surface of the probe coincided

with the center of the target edge. The diameter of the

collecting surface of the probe was 4mm, and the stainless

steel shield (guard ring) protruded 0.5mm relative to the

collecting surface of the probe. The probe was mounted

on a movement system that allowed the distance Lp from

the electron source and correspondingly the distance Lt

from the target to the probe to be varied.

Since the electron energy distribution function in the

beam plasma formed in nitrogen deviates markedly from

the Maxwell distribution [6,28], the effective temperature

of electrons was determined from the probe characteristic,

as in the works [5,6]. Hereafter, the effective electron

temperature, defined as two-thirds of the mean electron

energy [6], will be referred to simply as the Te electron

temperature. Under experimental conditions, the electron

temperature Te ranged from 1.1 to 2 eV. The density ni

of the beam plasma was estimated from the saturation

current I i on the ion branch of the probe current-voltage

characteristic by Bohm’s formula [29,30] at a negative bias

Ub = −100V, at which saturation current I i was always

provided under experimental conditions. The current I i in

the planar probe circuit was determined by measuring the

voltage Up across the non-inductive resistor Rp = 1400�,

followed by conversion to current density j i and plasma

density ni . Optical emission spectra of the beam plasma

were measured with an Ocean Optics HR4000CG-UV-NIR

spectrometer. An optical fiber placed in a special vacuum

inlet with a quartz window was used to output optical

radiation from the vacuum chamber. The input aperture

of the optical fiber was oriented so that the symmetry axis

of the optical fiber was directed to the beam symmetry axis

and perpendicular to the beam propagation direction.

2. Experimental results

Fig. 2 shows typical oscillograms of the emission cur-

rent Ie and ion current density j i measured by the single

Langmuir probe. Studies have shown that in the case of the

ceramic target location on the electron beam propagation

path, the ion current density j i measured by the probe is

higher (Fig. 2, curve 2). Taking into account the insignificant

change in the electron temperature Te when the ceramic

target is installed (with other parameters unchanged),
the increase j i indicates a corresponding increase in the

density ni of the beam plasma near the target compared

to the density ni at free beam propagation. The plots

further show the densities (and normalized by the emission

current Ie densities) of the beam plasma determined by

taking into account the change in electron temperature.

Increasing the emission current Ie leads to an increase in

the electron temperature Te and an almost linear increase in

the density ni of the plasma, with a stronger increase in the

density ni near the ceramic target (Fig. 3), i.e., the increment

in the plasma density 1ni , arising from the insertion of the

target, grows with increasing Ie .

At an accelerating voltage of Ua < 3 kV, the emission

current Ie and correspondingly the electron beam current Ib

increase with increasing Ua , and at Ua = 3 kV, the current Ie

reaches saturation [22]. Since at Ua < 3 kV it is not always

possible to provide the same emission current as in the

saturation mode, the discharge current Id was kept constant

during the study of the effect of the accelerating voltage

on the beam plasma formation. For this reason, the values

of the beam plasma density and the emission intensity of

nitrogen spectral lines normalized to the emission current Ie
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Figure 2. Oscillograms of emission current and ion current den-

sity measured by the probe at free electron beam propagation (1)
and in the presence of a ceramic target on the beam path (2),
Ua = 6 kV, p = 8 Pa.
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Figure 3. Dependence of beam plasma density ni on emission

current Ie at Lp = 20 cm, p = 8 Pa, Ua = 7 kV: 1 — free electron

beam propagation; 2 — a ceramic target (probe-to-target distance
Lt = 5 cm).
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Figure 4. Dependence of the normalized beam plasma density

ni/Ie on the accelerating voltage Ua at different distance Lp at

p = 8Pa, in the saturation mode Ie = 20A: 1, 2 — Lp = 22 cm

(Lt = 3 cm); 3, 4 — Lp = 20 cm (Lt = 5 cm); 1, 3 — free propa-

gation of the electron beam; 2, 4 – ceramic target is set.

(ni/Ie and Iλ/Ie , respectively) are shown in Figs. 4,5. At

a distance from the electron source Lp < 15 cm under the

conditions of free electron beam propagation (i. e., without a

target), the density ni decreases monotonically with increas-

ing accelerating voltage Ua over the entire pressure range

investigated. At large distance (Lp > 15 cm), depending on

the pressure of the working gas, the density ni may depend

non-monotonically on Ua . For example, at Lp = 20 cm

and p < 6 Pa, the density of ni decreases monotonically

as Ua increases, and at p = 6 Pa and more, the density of ni

does not depend monotonically on Ua (Fig. 4, curve 1).
Initially, increasing the accelerating voltage Ua provides an

increase in the density ni of the beam plasma, but after

the accelerating voltage reaches some threshold value Ua−1

(
”
threshold“ voltage), further increase Ua leads to a decrease

in the density ni .

Near the ceramic target, the nature of the dependence

of ni on Ua appears to be more complicated. In addition to

the presence of an extremum at the threshold voltage Ua−1,

further 1−2 inflection points can be observed on the

dependence of ni on Ua (Fig. 4, curves 2, 4). At Ua > Ua−1,

(in the case of a
”
threshold“ voltage Ua−1 is reached), the

plasma density ni decreases as the accelerating voltage Ua

increases, but when a certain
”
threshold“ voltage Ua−2 is

reached, the plasma density ni increases until a second

threshold voltage Ua−3 is reached. Then at Ua > Ua−3, the

beam plasma density decreases again.

Studies of the optical emission spectra of the beam

plasma confirmed that the beam plasma density is higher

in the presence of the ceramic target, and also confirmed

the complex nature of the dependence of the density ni

on the accelerating voltage. To investigate the beam

plasma density near the target, the optical fiber input

aperture was set at the same distance Lp(Lt), as the single

probe. Fig. 5 shows a typical emission spectrum of a

beam plasma. The changes in the beam plasma density

were estimated from the spectral line of the nitrogen

molecular ion N+
2 (λ = 394.1 nm), which belongs to the

first negative system (FNS) of the nitrogen ion molecule

radiation, and the spectral line of the nitrogen atomic ion N+

(λ = 661 nm), which are quite commonly used to estimate

the plasma density [6]. The intensities of the spectral lines

λ = 394.1 nm (I394) and λ = 661 nm (I661) increase when

the ceramic target is placed in the electron beam path. The

dependences of the I394 and I661 intensities on Ua have a

similar character to probe measurements of the dependence

of ni on Ua (Fig. 6). However, for the λ = 394.1 nm

spectral line intensity of the nitrogen molecular ion I394, the
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Figure 5. Typical emission spectrum of a beam plasma with a

ceramic target installed in the electron beam path, Ua = 4 kV,

p = 9.6 Pa (FPS and SPS — first and second positive emission

systems of a neutral nitrogen molecule, respectively).
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Figure 6. Dependences of normalized radiation intensities I394/Ie

and I661/Ie on the accelerating voltage Ua , p = 8 Pa, Lp = 22 cm:

1, 3 —
”
free“ electron beam propagation; 2, 4 — ceramic target is

set.
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Figure 7. Dependence of relative beam plasma density ni/ni−max

on accelerating voltage Ua at Lp = 20 cm; p: 1 — 5, 2 — 8,

3 — 9.6, 4 — 15 Pa.

threshold voltage Uα−10 may not be observed. The observed

differences seem to be related to the fact that the aperture

of the optical fiber also receives radiation from upstream

nitrogen ions, in particular, the intensity of radiation from

these ions can be higher at low accelerating voltage. In

addition, the emission spectrum of the beam plasma also

shows the spectra of the first positive system (FPS) of the

neutral nitrogen molecule radiation [6,31], whose spectral

lines on the wavelength scale lie close to the spectral line

λ = 661 nm under consideration. This leads to the fact

that due to insufficiently high resolution of the spectrometer

used, the intensity of the spectral line and λ = 661 nm (I661)
may be distorted due to overlapping of neighboring spectral

bands. Therefore, the spectrometer used does not allow us

to determine the exact (real) values of the beam plasma

density, but it allows us to monitor the trends in the plasma

density.

An increase in gas pressure leads to an increase in

the values of voltages Ua−2 and Ua−3. Therefore, Ua−2

and Ua−3 extrema may not be observed when some pressure

is reached (Fig. 7). For example, at Lp = 22 cm, when

the pressure p = 15 Pa is reached, the values of voltages

Ua−2 and Ua−3 exceed 8 kV, resulting in only a monotonic

decrease in plasma density after the boundary voltage Ua−1.

At the same time, under these conditions, the beam plasma

density near the target remains higher than in the case

of free electron beam propagation. The difference 1ni

between the plasma density with and without the target

decreases as the gas pressure increases. The density ni of

the beam plasma can be varied by varying the emission

current Ie of the electron beam, the accelerating voltage Ua

and the gas pressure p. The obtained densities ni are

comparable to the beam plasma densities obtained, for

example, in works [4,12].

3. Discussion of results

Since the fraction of residual atmosphere molecules (H2,

O2, vapors H2O and etc.) is small compared to the

working gas N2, the contribution of these molecules to

the formation of the beam plasma is neglected. There is

a rather detailed beam plasma model [6], which considers

various processes during plasma formation by means of

a low-energy electron beam in a nitrogen atmosphere

in a similar pressure range. In the present work, we

shall limit ourselves to the consideration of the processes

associated with the formation of nitrogen ions. A significant

contribution to the formation of nitrogen ions can be made

by the stepwise ionization of the nitrogen molecule in

the metastable state A36
+
u [32]. However, according to

the estimates made in [6], at the pressures considered,

the electron beam forms relatively few metastable nitrogen

molecules in the state A36
+
u , so the contribution of these

molecules will be neglected. The cross sections of the

processes of formation of molecular nitrogen ions N+
2 ,

excited molecular ions N+
2 (B26+

u ) and atomic ions N+, as

well as the process of dissociation of nitrogen molecule

by electron impact, which make the greatest contribution

to the formation of the beam plasma [6], are presented

in the table. The table shows that the value of the cross

section of the process of formation of molecular nitrogen

ion N+
2 (e + N2 → N+

2 + 2e) is times larger than the

cross sections of the processes e + N2 → N+
2 (B26+

u ) + 2e
and e + N2 → N+ + N + 2e. The cross section of the

e + N → N+ + 2e process appears to be smaller by a factor

of 1.65−1.35 fold compared to the e + N2 → N+
2 + 2e

process, but the dissociation of the nitrogen molecule

e + N2 → N+N + e must first occur for its realization.

The cross section of the dissociation process of the

nitrogen molecule decreases significantly with increasing

energy Ee of electrons and at Ee ≥ 0.5 keV is more

than 5 times smaller than the cross section of the process

e + N2 → N+
2 + 2e. Therefore, further for simplicity, we

consider the formation of only molecular nitrogen ions N+
2 .

The cross section of the e + N2 → N+
2 + 2e process will

hereafter be referred to simply as the ionization cross

section σi of gas.

The differences in beam plasma formation qualitatively

observed in the experiment in the presence of a ceramic

target and in the case of free electron beam propagation

can be explained as follows. Since the beam collector is

located at a considerable distance from the planar probe

(45 cm), without the ceramic target, beam plasma formation

in
”
free“ space at the considered distances Lp = 20−22 cm

is provided due to gas ionization by accelerated beam

electrons as well as by fast (from the
”
tail“ of the electron

energy distribution) electrons of the beam plasma. Accord-

ing to the estimates made in the works [6,38], the rate

of gas ionization by fast plasma electrons is much smaller

than the rate of ionization by accelerated beam electrons.

Therefore, the contribution of plasma electrons to the beam

plasma formation can be neglected. In approximation of

Technical Physics, 2023, Vol. 68, No. 9
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Cross sections (in m2) of the formation of molecular ions N+
2 , excited molecular ions N+

2 (B26+
u ), atomic ions N+, and of the dissociation

process of a nitrogen molecule when interacting with electrons for different electron energies Ee

Process Ee = 0.1 keV Ee = 0.5 keV Ee = 2 keV Ee = 4 keV Ref.

e + N2 → N+
2 + 2e 2.615 · 10−20 1.428 · 10−20 0.521 · 10−20 0.25 · 10−20 [33]

e + N2 → N+
2 (B26+

u ) + 2e 0.232 · 10−20 0.13 · 10−20 0.05 · 10−20 0.03 · 10−20 [34]

e + N2 → N+ + N + 2e 0.65 · 10−20 0.3 · 10−20 0.01 · 10−20 < 0.009 · 10−20 [35]

e + N2 → N + N + e 1.9 · 10−20 0.3 · 10−20 0.09 · 10−20 0.04 · 10−20 [36]

e + N → N+ + 2e 1.58 · 10−20 0.8 · 10−20 0.29 · 10−20 0.18 · 10−20 [37]

the homogeneous distribution of the current density je and,

accordingly, the flux density of accelerated electrons nb over

the electron beam cross section, we can write down the

balance equation for ions, assuming that the loss of ions

occurs mainly due to the Bohm current from the plasma

boundary:

0.4ni

√

2kTe

M i

Sp

ng
= nbσi(Ua)

√

2eUa

me
LpSb, (1)

where k — the Boltzmann constant, M i — the mass of

the ion, ng — the density of gas neutrals determined by

gas pressure p, Sp — the area of the plasma from which

the beam plasma loses ions, e — the elementary charge,

me — electron mass, Lp — length of the cylindrical area

occupied by the beam plasma, Sb — the cross-sectional

area of the beam, σi(Ua) — ionization cross section of gas

by accelerated beam electrons.

The dependence of the ionization cross section σi(Ua)
on the accelerating voltage (electron energy Ee) can be

estimated using the formulas presented in [33]. At the accel-
erating voltage Ua used, the electron energy of the beam Ee

corresponds to a decreasing branch of the dependence of

the ionization cross section σi on the energy Ee , and when

increasing Ee from 2 to 8 keV, the ionization cross section σi

of nitrogen decreases by about 2.2 fold [33]. Therefore,

the observed decrease in density ni can be attributed to

a decrease σi by an increase Ua . A decrease in the

density ni of the beam plasma with increasing accelerating

voltage Ua (beam electron energy Ee) was also observed

when the beam plasma was formed by a continuous electron

beam [25]. In addition, as Ua increases, the scattering of

the electron beam on the working gas molecules decreases,

and the beam becomes more
”
focused“, which may also

contribute to the formation of the beam plasma at the beam

periphery where the probe is located. The non-monotonic

dependence ni on Ua observed at Lp > 15 cm is apparently

due to a change in the number of electrons, i.e., density

of the accelerated electrons flux nb, which at the distance

under consideration have an energy Ee sufficient to ionize

the gas. The decrease in electron density nb and energy loss

by the beam electrons as the beam propagates through the

gas are due to scattering of electrons on gas molecules and

reactions of ionization, excitation, dissociation of molecules

and atoms of the working gas (the cross sections of

these reactions increase with decreasing Ua [33–37]). At

Ua < Ua−1 at distances Lp > 15 cm, an increase in the

accelerating voltage provides an increase in the density of

accelerated electrons nb, possessing energy Ee , sufficient to

ionize the gas at the distance under consideration Lp (i.e. the
number of ionization acts of gas molecules increases). At

Ua > Ua−1, the number of electrons with sufficient energy

for ionization Ee changes weakly (or practically does not

change) as the accelerating voltage increases further, and the

decrease in the ionization cross section σi plays a decisive

role.

After cleaning and pre-irradiation (degassing) of the

ceramic target, the composition of optical radiation does

not differ from the case of beam plasma formation at free

electron beam propagation. For this reason, we assume that

the composition of the gas atmosphere near the target is

practically the same as in the case of free beam propagation.

When a ceramic target is irradiated with an electron beam,

electron-induced secondary electron emission occurs from

the target surface. Also, since a negative potential occurs

on the surface of the ceramic target irradiated by the

electron beam, ions from the beam plasma, accelerated

by the potential difference Ut between the beam plasma

and the ceramic target, cause ion-electron emission when

bombarding the target. The electron yield factor γe of the

electron-induced secondary electron emission depends non-

monotonically on the electron energy [39], while the yield

factor γi of the ion-electron emission increases as the ion

energy [40] increases. The potential difference Ut can be

estimated, as

Ut = ϕp − ϕt , (2)

where ϕt — the potential of the ceramic target surface

relative to the grounded chamber walls, ϕp — the potential

of the beam plasma. The potential of the beam plasma ϕp

with respect to the vacuum chamber walls can be estimated

by the formula [30]:

ϕp = − ln

(

0.4

√

πme

4M i

)

kTe

e
. (3)

For the electron beam parameters used, at voltages Ua−2

and Ua−3, the surface potential of the ceramic target is
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much larger than the beam plasma potential, so we can

assume Ut ≈ ϕt .

Electrons emitted from the surface of the ceramic target

and accelerated by the potential difference Ut , with sufficient

energy, also ionize the working gas, which provides an

additional increase in the beam plasma density near the

target. Taking into account the emission of electrons from

the ceramic surface, we can write down balance equations

for the currents on the target and the ion balance similar to

those obtained in the work [25] when irradiating an isolated

metallic target with a continuous electron beam:

(

1− γe(Uat)
)

jeSt + ni e

√

8kTe

πme
exp

[

−
eUt

kTe

]

St

−
(

1 + γi(Ut)
)

0.4ni e

√

2kTe

M i
St = 0, (4)

0.4ni

√

2kTe

M i

Sp

ng
= nbσi(Ua)

√

2eUa

me
LpSb

+

(

γe(Uat) je + γi(Ut)0.4eni

√

2kTe

M i

)

×
σi(Ut)

e

(

Ut

Wi

)

(

1− exp
[

−Lpngσi(Ut)
]

)

LpSt, (5)

where je — the beam current density, which can be

estimated as βIe/Sb, β = 0.65−0.75 (depending on the

pressure p), Wi — the ion-electron pair formation energy,

γe(Uat) — electron-induced secondary electron emission

coefficient depending on Ua and Ut (Uat = Ua−Ut), γt(Ut)
— ion-electron emission coefficient depending on Ut . The

dependence of the ionization cross section σi (Ut) on the

potential difference Ut can also be estimated from the

formulas presented in [33].
In expression (4), the first term represents the flux of

beam electrons onto the target minus the flux of secondary

electrons emitted from the target surface under the action

of the beam electrons. The second term describes the

contribution of the flux of thermal electrons from the beam

plasma through the potential barrier Ut onto the target. The

third term describes the Bohm current of ions from the

beam plasma, which compensates for the negative charge

on the target surface, and the electron flux that occurs when

the target is bombarded by ions accelerated by the potential

difference Ut . In (5), the loss of ions due to their departure

from the beam plasma surface (left part) is compensated

by ion generation due to the impact ionization of gas by

beam electrons (first term of the right part) and ionization

of gas by electrons emitted from the ceramic surface and

accelerated by the potential difference Ut along the direction

from the target (second term of the right part). The

multiplier
(

1− exp
[

−Lpngσi(Ut)
])

of the right-hand side of

formula (5) is responsible for the decrease in gas ionization

efficiency with increasing secondary electron energy when

the secondary electron energy exceeds 100 eV [33].
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Figure 8. Dependences of normalized beam plasma density ni/Ie

and potential ϕt on accelerating voltage Ua at p = 8Pa: 1 — ni/Ie

at grounded target; 2 — ni/Ie at isolated metal target; 3 — ϕt

potential of the isolated target.

When irradiating isolated and nonconducting targets with

a continuous electron beam with currents up to hun-

dred mA, the absolute value of the negative potential

of the target does not exceed hundreds of volts [23].
Therefore, in [25,41], the coefficient of electron-induced

secondary electron emission γe depended only on the

accelerating voltage, and the ion-electron emission made

a small contribution, and was neglected in paper [41].
However, when irradiated with an intense pulsed electron

beam (with currents greater than 1A), the negative potential
can reach units of keV [24]. Therefore, due to possible

significant inhibition of the beam electrons by the potential

difference Ut in expressions (4) and (5), the coefficient

of electron-induced secondary electron emission γe(Uat)
may depend significantly on Ua and Ut (Uat = Ua−Ut).
The coefficient γe(Ut) increases with increasing ion energy,

so the ion-electron emission contribution grows as the Ut

increases. Increasing the emission current (beam current)
at a constant accelerating voltage leads to a greater increase

in the plasma density near the target due to an increase in

the number of electrons emitted from the target surface and

accelerated by the potential difference Ut . The magnitude

of the negative potential ϕt on the nonconducting target

and, accordingly, the potential difference Ut decreases in

modulus with increasing working gas pressure and increases

with increasing accelerating voltage and electron beam

current [23,24]. Therefore, the observed complex character

of the dependence of ni on Ua is due to the change in the

negative potential at the surface of the ceramic target. The

relationship between the non-monotonic dependence of ni

on Ua and the target potential ϕt is confirmed by a model

experiment with a metallic target irradiated by an electron

beam. At the grounded metal target, the dependence of the

beam plasma density ni on the accelerating voltage Ua has

the same character as at
”
free“ electron beam propagation

(Fig. 8, curve 1). However, in the case of the isolated
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metallic target, as the Ua increases, an increase in the ϕt

potential is observed, and a non-monotonic dependence

of ni on Ua appears (Fig. 8, curve 2), similar to the same

dependence for the ceramic target. Optical measurements

showed that the intensity of spectral lines at the grounded

metallic target is slightly higher than at
”
free“ electron

beam propagation, but no inflection points corresponding

to voltages Ua−2 and Ua−3 are observed in the dependences

of spectral line intensities on the accelerating voltage. For

the isolated metallic target, the dependencies of I394/Ie

and I661/Ie on Ua have a complex character similar to

those for the ceramic target. The quantitative differences

in the dependences for the isolated metallic target and

the ceramic target are due to the different electrophysical

properties of the targets. In particular, for example, the

magnitude of the potential to which the surface of the

ceramic target is charged depends on the dielectric constant

of the material [42].

At the acceleration voltages used, the electron yield from

the surface of alumina ceramic [39] and stainless steel [43]
decreases with increasing Ua . However, an increase of

Ut leads to electron deceleration and an increase in the

secondary emission coefficient γe(Uat). The increase of

Ut also leads to an increase in the ion-electron emission

coefficient γi(Ut). Therefore, at first (at Ua > Ua−2) with

increasing Ua , there is an increase in the density ni of

the beam plasma due to an increase in the number of

electrons emitted from the target surface and accelerated

by the potential difference Ut . Then, when the accelerating

voltage exceeds the value of Ua−3, despite the increase of

γi(Ut), further increase of the potential difference Ut leads to

a decrease of the gas ionization cross section σi (Ut), which

together with the decrease of the gas ionization cross section

by beam electrons σi(Ua), leads to a decrease of ni . The

shift of the Ua−2 and Ua−3 voltages toward higher values

with increasing gas pressure is due to the compensation of

the negative charge on the surface of the ceramic target and

the corresponding decrease of Ut .

Conclusion

The processes of beam plasma formation near a dielectric

target made of alumina ceramics under irradiation by an

intense pulsed electron beam with a current of tens of

amperes in the forevacuum pressure range (4−15 Pa) have

been investigated. It is shown that the beam plasma

density near the irradiated ceramic target is higher than

at
”
free“ electron beam propagation. The plasma density

increment resulting from the ceramic target installation

depends on the emission current (beam current), gas

pressure, and accelerating voltage. In addition, the beam

plasma density near the target depends non-monotonically

on the accelerating voltage. The observed dependences

for the beam plasma density near the target are due to

the emission of electrons from the target surface and the

uncompensated negative potential arising due to the electron

beam irradiation. This potential creates an electric field that

inhibits the beam electrons and accelerates the electrons

emitted from the ceramic surface. The influence of the

negative potential is confirmed by the fact that an increase

in gas pressure, which provides a modulo decrease in the

negative potential, leads to a smaller increment in the beam

plasma density when the ceramic target is installed. By

varying the electron beam current and accelerating voltage,

the beam plasma density can be controlled.
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