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An analytical model of ambipolar diffusion in plasma consisting of electrons, positive ions, negative ions, and negatively charged
nanoparticles is proposed. Analytical expressions are derived for the ambipolar diffusion coefficients of all charged species, as well as
for the ambipolar electric field strength. In plasma containing only electrons, positive ions, and negative ions, high concentrations of
negative ions lead to a transition from ambipolar to free diffusion, where the ambipolar diffusion coefficients approach the
corresponding free diffusion coefficients. In plasma consisting of electrons, positive ions, and negatively charged nanoparticles, high
nanoparticle concentrations result in qualitatively different behavior: the ambipolar diffusion coefficient of electrons approaches twice
the free electron diffusion coefficient, while the ambipolar diffusion coefficient of positive ions approaches twice the free diffusion
coefficient of nanoparticles. For the general four-component plasma, the ambipolar diffusion regime is governed by the dominant
electron-loss mechanism, namely, electron attachment to either electronegative gas molecules or nanoparticles. If electron attachment
to gas molecules dominates, the ambipolar diffusion coefficients of electrons, negative ions, and nanoparticles remain close to their
free diffusion coefficients. In contrast, when electron attachment to nanoparticles dominates, these coefficients approach twice the
corresponding free diffusion coefficients. The ambipolar diffusion coefficient of positive ions was found to depend strongly on the
dominant negatively charged species in plasma. Under intensive negative-ion formation, it approaches the free diffusion coefficient of
negative ions, whereas in plasma dominated by electron attachment to nanoparticles it asymptotically approaches twice the free
diffusion coefficient of nanoparticles. It is shown that sufficiently high concentrations of negative ions and/or charged nanoparticles
substantially reduce the ambipolar electric field strength and may even reverse its sign. A weakly negative ambipolar electric field can
remove excess negative ions and nanoparticles from plasma, thereby stabilizing the discharge. Experiments with acetylene plasma
demonstrated intense transport of small nanoparticles toward the tube walls, which may serve as indirect evidence of an ambipolar
electric-field reversal.
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INTRODUCTION

Gas-discharge plasma has found extremely broad application in modern technology and everyday life. At present,
its use is no longer limited to hardening of metal surfaces and fabrication of microelectronic devices, as was the case
several decades ago. A vast number of products and materials currently in use are either manufactured or modified using
gas-discharge plasma. In addition, new research directions have emerged, including “plasma medicine” [1,2] and “plasma
agriculture” [2—6]. Consequently, investigations of the processes governing the maintenance and transport properties of
gas-discharge plasmas under various conditions remain highly relevant.

Quasineutral plasma is typically composed of electrons and positive ions with approximately equal concentrations,
n.=n+, moving in a neutral gas background. Diffusion tends to smooth concentration gradients of charged particles.
When the charged-particle density is sufficiently low, for example n. < 10° cm™, electrons and positive ions diffuse
almost independently and do not significantly affect each other’s motion. Such diffusion is referred to as free diffusion,
and the corresponding diffusion coefficients of electrons and positive ions are denoted by D, and D, respectively.

The situation changes when the charged-particle density increases to n,> 10% cm™, at which point free diffusion
transitions to ambipolar diffusion. Because electrons possess a mobility . much higher than the mobility of positive ions
M+, their diffusion coefficient is also significantly larger, i.e., D.>> D;. As a result, the more mobile electrons,
particularly those with higher energies, tend to escape from the plasma volume. In a gas-discharge chamber, these
electrons are absorbed by the tube walls, charging them negatively. Consequently, the plasma acquires a positive space
charge, and charge separation gives rise to the so-called ambipolar electric field. This field attracts positive ions toward
the negatively charged wall and repels low-energy electrons away from it. Therefore, the fluxes of positive ions and
electrons arriving at the wall become nearly equal. A positive ion reaching the wall recombines with one of the electrons
accumulated there, while another energetic electron subsequently arrives, restoring the negative wall charge.

The first expressions for the ambipolar diffusion coefficient D, and the corresponding ambipolar electric field were
derived by Walter Schottky [7,8], who developed the theory of the positive column in electropositive quasineutral
plasma, where n.=n.. In this case, both electrons and positive ions diffuse with the same ambipolar diffusion
coefficient D,.
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However, many plasma technologies employ so-called electronegative gases, whose molecules capture free
electrons and form molecular negative ions (e.g., SF¢~, O,7, or produce atomic negative ions (F, H, O") through
dissociative attachment processes [9—13]. Such negative ions may be directly accelerated, for example, for plasma
heating purposes [14-19], and they also participate in various plasma-chemical processes [20-24]. Therefore,
electronegative plasmas have attracted considerable attention from researchers [25-37].

The formation of negative ions represents a loss mechanism for free electrons, since negative ions in gas-discharge
plasma generally cannot acquire sufficient energy to ionize gas molecules and, due to their low mobility, carry only a
negligible electric current. In addition, negative ions are repelled by the negatively charged walls and may accumulate
inside the plasma volume. Under certain conditions, the concentration of negative ions #, can become comparable to or
even significantly exceed the free-electron concentration [9,10,38—41]. This substantially affects the transport of electrons
and positive ions toward the walls, thereby reducing the ambipolar electric field strength. William B. Thompson [42] was
the first to investigate ambipolar diffusion in electronegative plasma consisting of electrons, positive ions, and negative
ions. He demonstrated that, in contrast to electropositive plasma, the ambipolar diffusion coefficients become different
for each charged species. Further studies of ambipolar diffusion in electronegative plasmas were reported, for example, in
Refs. [43—47]. These works showed that the accumulation of negative ions may not only substantially reduce the
ambipolar electric field strength, but may even cause a transition from ambipolar diffusion back to free diffusion, since
the ambipolar diffusion coefficients of the charged species approach their corresponding free-diffusion coefficients [47].

Nanoparticles introduced into plasma from an external reservoir or formed in situ due to electrode sputtering [48—
53] or plasma-chemical processes [54—60] also capture free electrons and may therefore be regarded as very heavy
negative ions. Ambipolar diffusion in plasma consisting of electrons, positive ions, and negatively charged nanoparticles
has been investigated numerically in Refs. [61-63], while an analytical model was developed in Ref. [64]. In contrast to
the numerical studies [61—-63], which provided results only for specific plasma conditions, Ref. [64] derived convenient
analytical expressions for the ambipolar diffusion coefficients of each charged species and for the ambipolar electric field
strength. It was shown that a high nanoparticle concentration, and consequently strong electron losses due to electron
attachment to nanoparticle surfaces, may reduce the ambipolar electric field strength to zero.

It should also be noted that technological gases in which nanoparticles are formed through volumetric plasma
polymerization are often simultaneously electronegative. For example, in acetylene plasma, H, C;H™ and heavier
negative ions can be generated [25-27]. The C,H ions may cluster with acetylene molecules during collisions,
eventually leading to nanoparticle formation [65]. Therefore, acetylene plasma simultaneously contains not only electrons
and positive ions, but also negative ions and nanoparticles.

The aim of the present work is to develop an analytical model for such a complex plasma system, determine the
conditions under which the ambipolar electric field reverses direction, and experimentally verify this phenomenon.

1. DESCRIPTION OF THE ANALYTICAL MODEL
For a four-component plasma consisting of one species of positive ions, electrons, negative ions, and negatively
charged nanoparticles, the particle flux equations can be written in the following form:

I'=-D,-Vn,+unk, 1)
I'=-D,-Vn,—unE, 2
T,=-D,-Vn,~tn,E. 3)
r,=-D,-Vn,—unkE, 4)

where D denotes the free diffusion coefficients, # the mobilities, and n the concentrations of the charged species listed
above. The subscripts “e”, “+”, “n”, and “p” correspond to electrons, positive ions, negative ions, and negatively charged
nanoparticles, respectively. Owing to the formation of a space charge, an ambipolar electric field arises, whose strength is
denoted by E.

In quasineutral plasma, the total concentration of positive charges must equal the total concentration of negatively
charged species:

n,=n,+n,+n,-Z,, ®)

Here it is taken into account that a nanoparticle may collect not only one but several electrons. The number of electrons
attached to a single nanoparticle is denoted by Z,. Consequently, the product n, Z, represents the total number of
electrons attached to nanoparticles within a unit volume of 1 cm?,

Furthermore, to maintain plasma quasineutrality, the flux of positive ions must balance the total flux of negatively
charged species:

r,=r+r,+r,-Z,. (6)
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Let us introduce the dimensionless parameters = np/ne and = nn/ne, which represent the relative concentrations of
nanoparticles and negative ions, respectively, normalized to the electron concentration. We also define y=T./T+ = TJ/T,
and 7= T./T,, where T is the electron temperature, 7. = T, are the temperatures of positive and negative ions (assumed
equal), and 7}, is the nanoparticle temperature.

Substituting the flux expressions (1)—~(4) into Eq. (6), and taking into account the quasineutrality condition (5), the
ambipolar electric field £ can be eliminated, yielding:

I=-D,-Vn,_, (7
I,=-D,-Vn,, ®)
r,=-D,-Vn,, ®
r,=-D,-Vn,. (10)

These equations contain the ambipolar diffusion coefficients for each charged species:

b -b y+2ay+y-6-Z,+1+6-7-Z, 1+a'(ﬂn/ﬂe)+5'zp'(/‘p/ﬂe) (11)
oo l+ay+6-7-Z, (\+a+6-2Z,)- (. /p,)+a-(u,/1,)+8-Z, (1, /11,)+1°

y+2oy+y-80-Z +1+6-17-Z
=D, r r . (12)
(ta+d-Z,)-(u./m) o (1, /1) +6-Z, (1, /1) +1

ae

+2ay+y-0-Z +1+8-7-Z
D, =D, . Ul A et ’ . (13)
to (1+a+6-2,)-(u/u) v o (u, /1) +6-Z, (4, /1) +1
+2ay+y-0-Z +1+6-17-Z
b, —p, LA y+20y+y-6-Z, , 14)

o, (\ra+8-2,) (u u) e (/1) + 52, (1, /1) +1

By equating the expressions for the positive-ion fluxes in Egs. (1) and (7) (or similarly Egs. (2) and (8), etc.), and
using the Einstein relation D./u: = k- T+/e where k is the Boltzmann constant and e is the elementary charge, the following
expression for the ambipolar electric field strength can be derived:

D, -D D D v/ D v
EAmb.Nano =$'V7’l+ = (1__a+\J n+ =T-‘+ (1_ a+\J' n+ . (15)
H.n, M, D n D n

+ + + +
Taking Eq. (11) into account, Eq. (15) can be rewritten as

ok w8z ) (a2 ) u) oy (4 1)=82, 1 (1, /1) =7] Vi, 16
e (v y+dorZ, ) (1va+ 82, ) (u )+ y-(u, 1)+ 62, (u, 1) +1] s

For electropositive plasma consisting only of electrons and positive ions, Eq. (16) reduces to the well-known
expression for the ambipolar electric field [66—68]:
D —-D, Vn
A
Next, let us determine the floating potential ¢, acquired by a nanoparticle of radius ¢ immersed in plasma and
collecting electrons, positive ions, and negative ions with masses m., M+ Ta M,, respectively. This will allow us to

determine the nanoparticle charge Q = e-Z, and subsequently evaluate the ambipolar electric field strength using Eq. (16).
The currents of charged particles to the nanoparticle surface can be written as [69]:

an

EAmb =

I, = 4ma’e - %"- (?TkTT:)l/Z : (1 - i—?j), (18)
I, = 4ma’e -%- (i’:::)l/z * exp (i—(;:) (19)
I, = 4ma’e -%"- (?TI(TT:)I/Z - exp (i—f;) (20)

Since nanoparticles are electrically isolated, they acquire a floating potential such that the total current to their
surface is zero:
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I =1 +1, 1)

Using Egs. (18)—(21) together with the quasineutrality condition (5), we obtain the following equation for the
floating potential:

Ty m 1/2 e e
(1+a+6-Zp)-(T—:-M—i) -(1—k—;‘fj)—exp(ki;:)—
Usually, the nanoparticle floating potential relative to the plasma is determined only from the balance between
positive-ion and electron currents to the particle surface. However, at sufficiently high negative-ion concentrations (large
), the free-electron concentration may become very low, leading to a substantial reduction in the electron current to the
nanoparticle surface. Therefore, in Eqs. (21) and (22), the contribution of the negative-ion current to the nanoparticle
surface has also been taken into account. Moreover, the depletion of free electrons due to their attachment to
nanoparticles significantly affects plasma quasineutrality, which is reflected in the first term of Eq. (22).
As noted above, each nanoparticle collects Z, electrons. If a nanoparticle is placed in plasma characterized by a
Debye length Ap, its charge Q is given by [69-77]:

Q=4'7T'50'a'(1+%)'(ﬂ5, (23)

a- (T—" : ﬁ)m . exp (ﬂ) = 0. (22)

Te My kT,

where & = 8.85:107'2 F/m is the vacuum permittivity.
The Debye length can be estimated as [66]

_ T, [ev] \1/2
Ap = 742 - (m) [cm] 24)
For example, for an electron temperature of 1 €V and an electron concentration of 10' cm=, one obtains Ap = 74 pm.
Since nanoparticles in plasma typically have sizes of several tens to hundreds of nanometers, Eq. (23) can be simplified
to

Q=4-m-g-a- ;. (25)

Taking into account that Q =e-Z,, substituting Eq. (25) into Eq. (22) yields the final equation for the nanoparticle
potential:

a (T—" . 3)1/2 exp (%) = 0. (26)

1
LATmEeags) (T Me\z (1 €9s) _ ePs) _
(1 tat+é e ) (Te M+) (1 kT+) €xp (kTe) Te My KTy
The nanoparticle potential ¢, obtained for fixed values of o, 8, and charged-particle temperatures using Eq. (26), is
substituted into Eq. (25) to determine the nanoparticle charge Z,. Examples of the calculated nanoparticle potentials and
charges are presented in Fig. 1 and Fig. 2, respectively.

8_
7eV
6 5eV
>
o 4 3eV NS
$
2_
T.=1eV
0 T T T 100 T Trorrrg T AL | T T T T
10° 10° 107 10° 10° 10°* 107 10°
a, m a, m

Figure 1. Dependence of the negative floating potential Figure 2. Dependence of the number of electrons attached to
acquired by a nanoparticle in plasma on the nanoparticle radius a nanoparticle in plasma on the nanoparticle radius a, for
a, for different electron temperatures 7., in the absence different electron temperatures 7., in the absence
of negative ions (o= 0) of negative ions (o= 0)

Figures 1 and 2 show that both the nanoparticle potential and charge increase with increasing electron temperature
due to enhanced losses of free electrons to nanoparticle surfaces. Nanoparticle size also plays an important role. For radii
a < 100 nm, the floating potential increases relatively slowly with increasing @, while the number of electrons attached to
a nanoparticle is approximately proportional to its radius. However, for larger nanoparticles @ > 100 nm, the rates of
increase of both the potential and the charge become substantially higher.
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Next, Eq. (16) is used to determine the ambipolar electric field strength. Here, our interest is focused on the average
ambipolar electric field over the tube radius R, rather than on its radial distribution. An expression for the average
ambipolar field in a two-component plasma (electrons and positive ions) is given, for example, in the Raizer’s book [66].
Equation (16), as well as its simplified form (17), contains the factor Vn./n:, which depends on the radial distribution of
the positive-ion density.

To estimate this factor, Raizer assumed that the actual radial distribution of positive ions could be approximated by
a straight line decreasing from its maximum value at the discharge center to zero at the tube wall of radius R. In this
approximation, Vn./ns = —1/R.

A more realistic description of the plasma density profile often employs the zeroth-order Bessel function
n+(r) = n(0)-Jo(2.405-7/R), where Jy equals unity at the discharge axis (= 0) and reaches its first root at the tube wall
(r=R). In this case, the factor Vn./n: changes relatively weakly over most of the discharge radius, varying from zero at
the axis to approximately -2 at »=0.8-R, and diverging rapidly to —e only very close to the wall. Therefore, Vn/n:
generally remains negative and is not directly responsible for a possible reversal of the ambipolar electric field.

However, in Eq. (16), the factor Vn./n: is multiplied by another term whose numerator may change sign depending
on the parameters @, J, ¥, Z,, and the mobility ratios of the charged species. This issue will be analyzed in more detail
below. At this stage, it is sufficient to conclude that the conditions for ambipolar field reversal can be investigated using
the average ambipolar field approximation with Vn./n. = —1/R. The average ambipolar electric field strength and the
ambipolar diffusion coefficients of the charged species are important, for example, for the development of global plasma
models and one-dimensional models of the positive column in dc glow discharges.

It should be noted that the calculations were performed for an acetylene plasma generated in a discharge tube with
an inner radius of R = 2.8 cm.

The mobilities of positive and negative ions in acetylene were obtained from the analysis of experimental data
reported in Ref. [78]: u: = 1.414-10° cm?/(V-sec), i, = 1.179-10° cm?/(V-sec). The electron mobility z. was estimated
from measured electron drift velocities in acetylene reported in Ref. [79]: g = 2103 cm?/(V -sec).

Let us now determine the mobility of charged nanoparticles. It can be evaluated using the expression

e-Zp

=—r 27
H, Mo, @7

As noted above, the product e'Z, corresponds to the charge carried by the electrons attached to the nanoparticle. The
nanoparticle collision cross section is assumed to be ¢ = 7-a> while the collision frequency between gas molecules and
nanoparticles is

V.. =Ny, V, -0, (28)

pm r

where Nczp2 1s the concentration of acetylene molecules in the discharge plasma,

8.k 7\’
[ 29
p M : ( )
M,
The nanoparticle mass can be estimated as
4
Mngﬁ-a P (30)

The nanoparticle material density p is also required. We assume that plasma polymerization processes occurring
both on the chamber walls and within the plasma volume produce polymer materials (films and nanoparticles,
respectively) of approximately the same density. The authors of Ref. [80] deposited polymer films from acetylene plasma
and reported a density of 0.4 g/cm>, whereas Ref. [81] obtained a value of 0.6 g/cm>. Therefore, an average value of
p=0.5 g/cm™ was used in the present calculations.

Substituting Egs. (28)—(30) into Eq. (27) yields

3 ez, (6kT, )_1/2

p :E' Neos ’ " .p]/2 : (31

The calculated mobilities of nanoparticles of different sizes are presented in Fig. 3. Since the nanoparticle mobility
My, is inversely proportional to a”?, a rapid decrease in y, is observed with increasing nanoparticle size.
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Figure 3. Dependence of nanoparticle mobility on nanoparticle radius for different electron temperatures

2. ANALYSIS OF THE AMBIPOLAR DIFFUSION COEFFICIENTS

Equations (12)—(14) for the ambipolar diffusion coefficients can be rewritten in a form more convenient for
analysis:

b D, u, y+2ay+y-6-Z,+1+0-7-Z, (32)
“rou (1+a+5-Zp)-(M/ye)+0{~(ﬂﬂ/,u(,)+§-Zp-(,up/ye)+1’
D D, u, y+2ay+y-6-Z,+1+6-7-Z, (33)
Ty (14a+8-Z,) (u ),/ 1)+6-Z, (1, 1)+ 1

D +20y+y-0-Z +1+0-7-Z
= n b Ul A il : (34)

v U, (1+a+6-Z,)- (1 /u)+o-(u, /1) +6-Z,-(u, /1) +1

In Egs. (11)—(14), all coefficients were expressed through the free diffusion coefficient of positive ions Ds. In
contrast, Eqs. (32)—(34) express the ambipolar diffusion coefficients of each charged species through their own free
diffusion coefficients. This representation makes it possible to analyze their behavior over a wide range of the
parameters @, J, and charged-particle temperatures.

First, let us consider a plasma containing electrons, positive ions, and negative ions, but without nanoparticles
(6=0). Using Egs. (11), (32), and (33), the ambipolar diffusion coefficients for the charged species were calculated
over a wide range of the relative negative-ion concentration o. The results are presented in Fig. 4.

2
ae Da+ 4 Dan CTHL /s

D

10" 10° 102 10" 10° 10° 10* 10°
o

Figure 4. Dependence of the ambipolar diffusion coefficients of electrons D, positive ions Dq+, and negative ions Dax on the
relative concentration of negative ions o in the absence of nanoparticles (0= 0). Electron temperature 7e = 5 eV

Figure 4 shows that at very low relative concentrations of negative ions, <1073, the ambipolar diffusion
coefficients of electrons and positive ions coincide, D, = D,+. In this case, the plasma effectively behaves as a two-

component plasma consisting only of electrons and positive ions. For oo =0, Eqgs. (11) and (12) reduce to the classical
ambipolar diffusion coefficient D, [66—68]:
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y+1 D, -u+D, - u,

D, =D,, =D, =
(4, /u,)+1 U+ H,

ae a+

=D, 35)

Furthermore, for small o and large y>> 1, Eq. (33) yields Da, = Dy (1+/tde) << D,. Thus, a small amount of negative
ions added to an electron—ion plasma has almost no effect on the ambipolar diffusion process itself, while the negative ions
remain effectively confined within the plasma due to their extremely small ambipolar diffusion coefficient.

However, the situation changes rapidly as the relative concentration of negative ions increases. The ambipolar
diffusion coefficients of electrons D, and negative ions D,, increase, whereas the coefficient for positive ions D+
decreases. At o> 100, diffusion ceases to be ambipolar because Dye — D., Dy+ — D+, Dy — D,. This means that
charged particles of different species no longer significantly affect each other’s transport. The loss of a small number of
electrons from the plasma volume does not noticeably violate plasma quasineutrality; therefore, charge separation and
the ambipolar electric field do not develop. Such a conclusion for strongly electronegative plasma at large o was
previously reported in Ref. [47]. The present results demonstrate that the derived expressions for the ambipolar
diffusion coefficients in four-component plasma, Eqgs. (11) and (32)—(34), are fully consistent with previously
established results for simpler plasma compositions.

Let us now consider a plasma containing electrons, positive ions, a small amount of negative ions with relative
concentration &= 107, and charged nanoparticles. The calculated dependences of the ambipolar diffusion coefficients
on the relative nanoparticle concentration d are shown in Fig. 5a. Since the quantity of greater physical interest is not
the nanoparticle concentration itself, but rather the losses of free electrons due to attachment to nanoparticles, the
diffusion coefficients are also presented as functions of the product &Z, in Fig. 5b. For these calculations, it was
determined beforehand that for an electron temperature of 5 eV and nanoparticle radius 100 nm, each nanoparticle
acquires approximately Z, = 265 electrons.

j a D b D,
105-; ae 105
& E 2
5§ 10 10
'\Q i an O' D‘“’
Q 10'4 N 10"
S 1 .
Q10" D, oF 10 D,
5 1 2
Q1074 Q107
Q 0t _/ B, aF 107 B.
0% 10" 10*  10° 10? 10* 10° 10* 107 10 100 10* 10° 10°

S A

Figure 5. Dependence of the ambipolar diffusion coefficients of electrons Dee, positive ions Dg+, negative ions Dan, and
nanoparticles Dqp on the relative nanoparticle concentration o (a) and on the product &Z, (b) at low relative concentration of
negative ions (o0 = 10~4). Nanoparticle radius @ = 100 nm, electron temperature 7. = 5 €V

Figure 5 indicates that the diffusion process remains essentially ambipolar, similarly to a two-component electron—
ion plasma, only at very low nanoparticle concentrations, < 10~°. Under these conditions, the ambipolar diffusion
coefficient of nanoparticles is extremely small, Dy, = D, -(t+/tte) << D,. Thus, negatively charged nanoparticles,
similarly to negative ions introduced in small concentration, are efficiently confined within the plasma volume by the
strong ambipolar electric field.

However, with increasing &, the ambipolar diffusion coefficients of nanoparticles, electrons, and negative ions
increase rapidly and eventually approach saturation values. For a<<1 and §>> 1, one obtains D, = 2D, Dge = 2-D.,
Dy, = 2-D,. It should be emphasized that these coefficients at §>> 1 (&Z, >> 1) are twice as large as the corresponding
free diffusion coefficients, unlike the case without nanoparticles at large o>> 1, where the ambipolar coefficients
simply approach the free-diffusion values.

In realistic discharge plasma, however, both negative ions and nanoparticles may be present simultaneously in
significant concentrations. Therefore, for the limiting case a>> 1 and &-Z, >> 1, Egs. (32)—(34) reduce to:

0-Z
D, =D, |1+—*—|, (36)
20{+5-Zp
2-(a+6-Z
D, =D, M (37)

20{+§-Zp
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b -p 2~(0{+5~Zﬁ) 38
« " 20+6-Z, ’ (38)
From Eq. (36), it follows that for 0'Z, >> &, we have D, = 2-D., whereas for the opposite condition 0-Z, << ¢,
Dge = D,. Similarly, Egs. (37) and (38) yield D,, = 2-D, and D,, = 2-D,, for &Z,>> ¢, while D, ~D, 1a Dy, =D, for
0Z, <<
The situation is more complicated for positive ions. Figure 5 shows that with increasing nanoparticle concentration
J, the ambipolar diffusion coefficient of positive ions initially decreases and tends to approach the coefficient for
negative ions, Dg+ — D, similarly to the behavior observed in Fig. 4 for plasma without nanoparticles (J= 0).
However, with further increase in dand &' Z,, the coefficient D,+ decreases again and eventually approaches D+ — Dgp.
Of course, the regime D,+ = D,, corresponds to extremely low free-electron concentrations, when the plasma
effectively consists only of positive ions and negatively charged nanoparticles. Such a situation may arise, for example,
in corona discharges with low discharge current and low electron density in aerosol media (“foggy plasmas”), where
fine droplets capture nearly all free electrons.
Analysis of Eq. (11) under the simultaneous conditions &>> 1 and &'Z, >> 1 gives:

0-Z, -
b —ap, ZrO 2 )
‘ 20+6-Z,

This expression shows that for &Z, << ¢ one obtains D,+ =D+ = D,, whereas for &'Z, -(1,/1£:)>> « the limiting
relation becomes D+ = 2:D,. Thus, the ambipolar diffusion coefficient of positive ions strongly depends on which
negatively charged species dominate in the plasma. If negative ions dominate, then at sufficiently high concentrations
of electronegative species (large electron losses due to attachment to gas molecules), we have D,+ — D,. In plasma
where electron losses due to attachment to nanoparticles dominate, the asymptotic behavior becomes Dy+ — 2:D), = Dy

This unusual behavior of positive ions can be understood rather straightforwardly. In a two-component plasma
consisting only of electrons and positive ions, both species leave the plasma region (for example, toward the discharge-
tube walls) with approximately equal fluxes: I'+ = I'.. If a substantial fraction of electrons attaches to molecules and
forms negative ions with &>>1, then the loss of a small number of free electrons is no longer critical for sustaining the
discharge, and the balance condition becomes I'+ = I',.. Finally, if almost all electrons attach to nanoparticles, while the
concentrations of free electrons and negative ions remain relatively small, then the positive-ion flux from the plasma
must compensate the extremely small flux of heavy nanoparticles: I+ = T,.

The calculated dependences of the ambipolar diffusion coefficients on the product &Z, for a high relative
concentration of negative ions, = 100, are shown in Fig. 6. The initially high concentration of negative ions results in
relatively large ambipolar diffusion coefficients for electrons, nanoparticles, and negative ions even at low nanoparticle
concentrations; these coefficients are already close to their free-diffusion values. With increasing electron losses to
nanoparticles &Z,, these coefficients increase further and approach twice their free-diffusion values. In contrast, the
ambipolar diffusion coefficient of positive ions is initially close to twice its free-diffusion value, but decreases rapidly
with increasing &' Z,, eventually approaching the nanoparticle ambipolar diffusion coefficient.
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Figure 6. Dependence of the ambipolar diffusion coefficients of Figure 7. Dependence of the ambipolar diffusion coefficients of
electrons, positive and negative ions, and nanoparticles on the electrons, positive and negative ions, and nanoparticles on the
product &Z, at relative concentration of negative ions oo=100. relative concentration of negative ions o at J=100.
Nanoparticle radius @ = 100 nm, electron temperature 7. = 5 eV Nanoparticle radius @ = 100 nm, electron temperature 7. = 5 eV
Finally, let us consider the case of plasma with a high relative concentration of nanoparticles (6= 100). The
corresponding results are presented in Fig.7. At low negative-ion concentrations, the electron ambipolar diffusion
coefficient D,. is approximately equal to twice the free electron diffusion coefficient. However, at &> 100, D,
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decreases and approaches the free electron diffusion coefficient. The ambipolar diffusion coefficients of nanoparticles
and negative ions behave similarly, decreasing from twice their free-diffusion values toward the corresponding free-
diffusion coefficients. The behavior of the positive-ion ambipolar diffusion coefficient again appears unusual: initially
small, it increases at &> 100 and eventually approaches the free diffusion coefficient at very large ¢

Therefore, the ambipolar diffusion process in four-component plasma is highly complex and strongly depends on
the relative importance of free-electron losses due to attachment either to nanoparticles or to electronegative gas

molecules forming stable negative ions. The dominant electron-loss mechanism ultimately determines the ambipolar
diffusion coefficients of all charged species present in the plasma.

3. AMBIPOLAR ELECTRIC FIELD

As noted above, we are primarily interested in the average value of the ambipolar electric field strength over the
discharge-tube radius. It is this field that controls the confinement of negatively charged ions and nanoparticles within
the plasma volume. Therefore, we calculated its magnitude for different plasma conditions and nanoparticle sizes.

The calculated results will be compared with those for a conventional two-component plasma consisting only of
electrons and positive ions. The corresponding ambipolar electric field strength E4.» obtained from Eq. (17) will
hereafter be referred to as the “classical” ambipolar field. For an electron temperature of 5 eV, its value is shown in Fig.
8 and is approximately equal to 1.77 V/cm. Naturally, this field does not depend on the nanoparticle radius, since Eq.
(17) does not account for the possible presence of nanoparticles in plasma.
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Figure 8. Dependence of the average ambipolar electric field on nanoparticle radius at o= 0.1 for different values of the relative
nanoparticle concentration J. Electron temperature 7. = 5 eB

Let us now consider plasma additionally containing negative ions with a relatively low concentration o= 0.1. This
means that approximately 10% of the electrons have attached to gas molecules and formed negative ions. However,
even such comparatively moderate electron losses lead to a substantial, nearly tenfold reduction in the ambipolar
electric field strength (the blue curve in Fig. 8 at small nanoparticle radii). If nanoparticles are additionally introduced
into the plasma and their size increases, the ambipolar electric field strength rapidly decreases and approaches zero.

Let us further increase the nanoparticle concentration in plasma. As the relative nanoparticle concentration O
increases, volumetric polymerization processes also lead to an increase in nanoparticle radius. Figure 8 shows that at
sufficiently high nanoparticle concentration and sufficiently large nanoparticle size, the ambipolar electric field reaches
zero and may even reverse its sign. The larger the relative nanoparticle concentration 6, the smaller the nanoparticle
radius at which this sign reversal occurs.

Let us examine the behavior of the ambipolar electric field under different conditions. Figure 9 presents its
dependence on the relative concentration ¢ for different values of J. If nanoparticles are absent from plasma (5= 0) and
negative ions are present only in very small amounts (& < 10#), the ambipolar field strength remains close to its
“classical” value given by Eq. (17). Increasing o results in a gradual decrease in the ambipolar field strength, and at o=
850 the field reaches zero and subsequently reverses its sign as the negative-ion concentration increases further.

In the presence of nanoparticles (the curves in Fig. 9 corresponding to =107* 107 and 1), increasing their
concentration substantially reduces the ambipolar electric field strength. In fact, negative ions and charged nanoparticles
jointly affect the field magnitude. The ambipolar field again reaches zero at sufficiently high ¢ and then changes sign.
Moreover, the higher the relative nanoparticle concentration o, the smaller the value of ¢ at which this occurs. For
example, at 6= 102 and J= 1, the sign reversal of the ambipolar field occurs at &= 826 and = 796, respectively. If
the nanoparticle concentration becomes very high, for example 6= 100, the ambipolar electric field remains negative
over the entire o range, and the corresponding curve in Fig. 9 lies entirely below zero.
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Figure 9. Dependence of the average ambipolar electric field on o for different values of the relative nanoparticle concentration &
and nanoparticle radius a = 100 nm, 7. =5 eV

It is also instructive to consider the dependence of the average ambipolar electric field strength on the product &7,
rather than only on the relative nanoparticle concentration o (see Fig. 10). Since for nanoparticle radius ¢ = 100 nm and

electron temperature 5 eV, one has Z, = 265, replacing J with &Z, shifts the corresponding ambipolar-field curves
toward larger values along the horizontal axis.
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Figure 10. Dependence of the average ambipolar electric field on the product & Z, for different values of the relative negative-ion
concentration & and nanoparticle radius ¢ = 100 nm, 7e =5 eV

Similarly to the previous case, the ambipolar electric field decreases with increasing both the relative
concentration of negative ions o and the normalized number of electrons attached to nanoparticles &Z,. At o< 1, the
curves corresponding to different a practically coincide for &Z,> 10, and the ambipolar field reaches zero at
approximately the same value, &Z,~ 141. However, at higher « the sign reversal occurs earlier. For example, at
o= 100 the ambipolar field changes sign already at 0 Z, = 123.

The reversal of the ambipolar electric field at sufficiently high concentrations of nanoparticles and negative ions
indicates the appearance of conditions for the removal of their excess from plasma. In real gas-discharge plasma, the
ambipolar electric field strength will likely remain close to zero or slightly negative. If an excessive number of
nanoparticles and negative ions is produced, the ambipolar field will drive their excess toward the discharge-tube walls,
after which the field will again approach zero. The stationary state corresponds to a zero ambipolar electric field, while

the nanoparticle concentration reaches saturation.

Thus, if a sufficiently dense nanoparticle cloud is present in plasma, the ambipolar electric field inside this cloud
may become nearly zero. As shown above, at high nanoparticle concentrations the ambipolar diffusion coefficients of
electrons, negatively charged ions, and nanoparticles approach twice their free-diffusion values. In three-component
plasma (electrons, positive ions, and negative ions), ambipolar diffusion effectively transformed into free diffusion for
all charged species. However, after introducing nanoparticles into plasma, the diffusion losses of negatively charged

species become additionally enhanced by a factor of two owing to their removal from the plasma volume by the electric
field after it reverses its sign.
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To determine the conditions for ambipolar-field sign reversal in more detail, let us analyze Eq. (16). Its
denominator is a combination of positive quantities. However, the numerator contains a factor in square brackets that
may become zero under the condition given by Eq. (40).

(1+a-y+6-7-2,)-(u. /1) - y-(4,/10,)=6-Z,-7-(u, /11, ) =7 =0. (40)

Equation (40) can be rewritten in the following form:

5.7, -t .[1_1.&%[&_&]}, (a1
1u+_lup }/ luf ’uf ’uf

From Eq. (41), it follows that the value of &Z, at which the ambipolar electric field changes sign depends only
weakly on the electron temperature. Since y= T./T: >> 1 and simultaneously /g, <<1, the second term inside the
square brackets in Eq. (41) may be neglected. Calculations show (see Fig. 11) that the dependences of &Z, on a for
different electron temperatures (from 1 eV to 10 eV) practically coincide for nanoparticle radius a = 100 nm. Since the
calculations were performed for acetylene plasma, where the mobility of negative ions is lower than that of positive ions
(1= 1414 cm?(V-s), tn=1179 cm?(V-s)), the dependence in Fig. 11 decreases approximately linearly with
increasing o.

However, some dependence on electron temperature appears for very small nanoparticles. Figure 11 shows that
the curves corresponding to nanoparticle radius @ = 1 nm and electron temperatures 1 eV and 5 eV differ substantially
from each other. In Fig.3, we presented the calculated nanoparticle mobility 4,, which decreases rapidly with increasing
nanoparticle size. At the same time, increasing electron temperature leads to an increase in f,. The mobility of small
nanoparticles with radii of the order of several nanometers may reach 100-200 cm?/(V-s), corresponding to 10-20% of
the positive-ion mobility. Therefore, the denominator of the factor preceding the square brackets in Eq. (41) may vary
significantly in this case.

Therefore, in Fig.12 the values of &Z, corresponding to ambipolar-field sign reversal remain nearly constant over
a wide range of nanoparticle radii at fixed a, but increase noticeably for radii a <5 nm. Figure 12 also demonstrates that
&7, decreases with increasing relative concentration of negative ions ¢, as already discussed above.
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Figure 11. Dependence of the product &7, at which the Figure 12. Dependence of the values of &7, corresponding to
ambipolar electric field reaches zero, on the relative zero ambipolar electric field on nanoparticle radius for different
concentration of negative ions « for nanoparticle radiia = 1 nm  values of the relative negative-ion concentration « at electron
and a = 100 nm at different electron temperatures temperature 5 eV

If the relative concentration of negative ions is fixed at &= 100, then for nanoparticles with radii @ > 10 nm the
calculated values of &Z, corresponding to different electron temperatures coincide with each other. However, for
smaller nanoparticles with radii « < 10 nm, the curves corresponding to different electron temperatures diverge strongly.
This means that in plasma containing very small nanoparticles with radii @ = 1 nm and hot electrons, a larger relative
nanoparticle concentration J is required for ambipolar-field sign reversal than in plasma containing larger nanoparticles.

Calculations show that nanoparticles with radius 1 nm collect Z, = 1 and Z, = 3 electrons at electron temperatures
of 1 eV and 7 eV, respectively. As follows from Fig. 13, sign reversal of the ambipolar field for such 1 nm particles
requires 8 =133 at 7,=1¢V and 6= 150/3 =50 at T,= 7 eV. For large nanoparticles, for example with ¢ =100 nm,
one has Z, =265 and &Z,~ 125. Therefore, the corresponding relative concentration of such large nanoparticles is
much smaller, 6= 125/265 = 0,47. This means that approximately one nanoparticle with a = 100 nm is required per two
free electrons for the ambipolar electric field strength to reach zero and potentially reverse its sign.
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Figure 13. Dependence of the values of &' Z, corresponding to zero ambipolar electric field on nanoparticle radius at relative
concentration of negative ions &= 100 for different electron temperatures

IV. Experimental Verification

Direct experimental measurements of the radial ambipolar electric field strength in acetylene plasma using
Langmuir probes and wall probes are difficult because their surfaces are rapidly covered by dielectric polymer films. In
addition, the gas pressure and plasma parameters also vary with time [58,64].

However, there exists a pronounced phenomenon confirming the possibility of ambipolar-field sign reversal. Let
us consider the conditions of our experiments.

The experiments were performed in a quartz discharge tube with an inner diameter of 80 mm, in the acetylene
pressure range of 0.05—1 Torr, while the maximum acetylene flow rate reached 5 sccm. The distance between the flat
steel electrodes was 76.2 mm. The electrodes were positioned vertically inside the tube, whereas the discharge tube
itself was oriented horizontally. A DC or 20 kHz AC voltage was applied to the powered electrode (cathode).

When the electrodes are arranged horizontally inside a discharge tube or chamber, nanoparticles introduced into
plasma from an external source or formed in the discharge due to volumetric polymerization are trapped near the
boundary of the cathode sheath or electrode sheath by the strong electric field in these discharge regions. In contrast, the
vertical arrangement of the electrodes made it possible to reveal the influence of the ambipolar electric field on
nanoparticle confinement.

Here, we will not focus on the specific discharge regions where the nanoparticle cloud is formed or on the methods
used for its detection. For the present discussion, it is sufficient to note the experimental observation that during
discharge operation the tube walls become coated with a certain substance of particular interest. This substance appears
after several tens of seconds of discharge operation in acetylene. Such behavior was observed both in dc discharges and
in pulsed and high-frequency capacitive discharges. Photographs of the discharge tube with this deposited coating are
shown in Figs. 14 and 15. During the discharge operation, the cathode was on the left and the anode on the right.

Figure 14. Photograph of the discharge tube with a Figure 15. Photograph of the discharge tube with a deposited layer
deposited layer of polymer film containing nanoparticles. of polymer film containing nanoparticles (NPs). Bipolar pulsed
DC discharge. Acetylene pressure 0.5 Torr. Voltage discharge with frequency 20 kHz and duty cycle 50%. Acetylene
between electrodes 1000 V, discharge current 14 mA. Film pressure 0.14 Torr. Peak-to-peak voltage between electrodes
deposition time 1 min 1419 V. Film deposition time 1 min
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Near the cathode or powered electrode of the pulsed discharge, the cathode sheath or electrode sheath is formed,
and the large voltage drop across this region expels negatively charged nanoparticles into the plasma volume.
Therefore, only a thin polymer film can be deposited there. In the negative glow region, by contrast, the inner surface of
the tube becomes covered with a layer of material that becomes opaque as its thickness increases.

Samples of this material were deposited onto grids for transmission electron microscopy (TEM) in a Selmi REM-
125 K. The grids were positioned both at the bottom of the tube and in its upper part. Figure 16 shows a TEM image of
the surface of a grid placed in the upper part of the discharge tube, recorded at a magnification of 25,000%. It can be
seen that a polymer film containing a large number of embedded nanoparticles with diameters of 10-20 nm was
deposited on the grid.
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Figure 16. TEM image of the polymer film and embedded nanoparticles deposited onto the upper part of the tube from a dc
discharge at acetylene pressure 0.15 Torr and deposition time 30 s. Voltage between electrodes 471 V, discharge current 1 mA

These nanoparticles were formed not on the surface itself, but inside the plasma volume. Free electrons attach to
them, charging them negatively. Under ordinary conditions, the ambipolar electric field arises when a fraction of
energetic free electrons escapes from plasma to the tube wall, charging it negatively. The resulting field subsequently
attracts positive ions toward the wall and repels colder electrons and negatively charged nanoparticles back into the
plasma volume. The Coulomb force prevents such nanoparticles from settling onto the bottom of the tube and acts
against gravity. For the upper part of the tube, the same Coulomb force, together with gravity, should instead drive
negatively charged nanoparticles back toward the plasma volume. Nevertheless, small nanoparticles were found
embedded inside the polymer film deposited on the upper part of the tube, meaning that they must have moved against
both gravitational and Coulomb forces.

However, the analytical calculations presented above demonstrated that nanoparticle accumulation in plasma leads
to a substantial reduction of the ambipolar electric field strength. When the nanoparticle concentration reaches a critical
value (more precisely, when the number of electrons attached to nanoparticles per unit plasma volume becomes
sufficiently high), the ambipolar field reaches zero and may reverse its sign. In this case, the field begins to confine
positive ions within the plasma while expelling excess negatively charged nanoparticles and negative ions from it. This
mechanism is responsible for the radial ejection of nanoparticles from the plasma in all directions, including upward. It
should be noted that the ion drag force, which is commonly taken into account when analyzing nanoparticle transport in
plasma, is not expected to play a significant role in the present case, because the radial ambipolar electric field
approaches zero and therefore does not provide substantial acceleration of positive ions.

CONCLUSIONS

In this work, the process of ambipolar diffusion in a four-component plasma consisting of electrons, positive ions,
negative ions, and negatively charged nanoparticles has been investigated. An analytical model was developed based on
the conditions of plasma quasineutrality and zero total current of all charged species to the discharge-tube wall. As a
result, simple analytical expressions were obtained for the ambipolar diffusion coefficients of each charged species, as
well as for the ambipolar electric field strength.

The derived expressions were analyzed over wide ranges of the relative concentrations of negative ions a,
nanoparticles 6, the normalized concentration of electrons attached to nanoparticles & Z,, and electron temperature. It
was shown that in plasma consisting of electrons, positive ions, and negative ions, the ambipolar diffusion regime
gradually transforms into free diffusion at high relative concentrations of negative ions ¢. In this limit, the ambipolar
diffusion coefficient of electrons approaches the free electron diffusion coefficient, while the ambipolar diffusion
coefficients of positive and negative ions approach their corresponding free diffusion coefficients, which are close to
each other.

In plasma containing electrons, positive ions, and negatively charged nanoparticles, high nanoparticle concentrations
lead to qualitatively different behavior. In this case, the ambipolar diffusion coefficient of electrons approaches twice the
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free electron diffusion coefficient, whereas the diffusion flux of positive ions compensates mainly the ambipolar losses of
nanoparticles. For the general four-component plasma, the behavior of the ambipolar diffusion coefficients is governed by
the dominant electron-loss mechanism, namely electron attachment either to electronegative gas molecules or to
nanoparticles. If electron attachment to gas molecules dominates, the ambipolar diffusion coefficients of electrons,
negative ions, and nanoparticles remain close to their free diffusion coefficients. In contrast, when electron losses to
nanoparticles dominate, these coefficients approach twice the corresponding free diffusion coefficients.

The behavior of the ambipolar diffusion coefficient for positive ions was found to be particularly unusual and
strongly dependent on the dominant negatively charged species in the plasma. It approaches the free diffusion
coefficient of negative ions under conditions of intensive negative-ion formation, whereas in a plasma dominated by
electron attachment to nanoparticles, it approaches twice the free diffusion coefficient of nanoparticles.

It was further demonstrated that the accumulation of negative ions and/or negatively charged nanoparticles
substantially reduces the ambipolar electric field strength. Under critical conditions, the ambipolar electric field may
reach zero and even reverse its sign. A stationary plasma state corresponds to a nearly zero or slightly negative
ambipolar field, which can remove excess negative ions and nanoparticles from the plasma volume.

Experimental observations performed in acetylene plasma demonstrated intensive radial removal of small
nanoparticles from the plasma volume, including toward the upper part of the discharge tube against gravity. This
behavior may serve as indirect evidence of ambipolar electric field reversal caused by high concentrations of negative
ions and charged nanoparticles.
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AMBIIIOJIAPHA JU®Y3IsI TA PEBEPCIS 3HAKY EJIEKTPUYHOTI'O I1OJISI B EJEKTPOHEIATUBHINM ILJIA3MI
I3 SAPAJKEHUMU HAHOYACTUHKAMU
B. JlicoBcbkuii, C. Aynin, C. Boratupenko, C. Pe3yHenko, B. €ropenxon
Xapxiecvruil Hayionanvruil yHisepcumem imeni B.H. Kapaszina, maiioan Ceoboou 4, Xapxis, 61022, Yxpaina

V wmiit poOoTi 3arpoNOHOBAaHO AHATITHYHY MOJENb aMOiNoisIpHOi Andysii B Iua3Mmi, sIKa CKJIAJAETHCS 3 €IEKTPOHIB, MO3UTUBHUX 1
HETaTUBHUX 10HIB Ta HETaTUBHO 3aps/KEHUX HaHO4acTHHOK. OtpumaHi ¢popmymn juist koedimieHTiB amOinomspHoi qudysii Sk 1t
KOJKHOTO 13 COPTIB 3apsPKEHUX YaCTHHOK, TaK 1 JUIS HANpPY>KEHOCTI aMOINOJIIPHOTO €JIeKTPUYHOro Mmojs. Y Iuia3Mi, 0 MiCTHTh
JIMIIE eIEeKTPOHM Ta ITO3UTHBHI i HEraTHBHI 10HH, 32 BUCOKMX KOHIIGHTPALliii HEraTUBHMX 10HIB Koe(ilieHTH aMOinoysipHoi andys3ii
KOYKHOTO BUY 3aps/KCHUX YaCTHHOK HAOIMKAIOTHCS 10 KoedillieHTiB IXHBOT BiUTbHOI audysii, ToOTO ambinonsapHa nudysis ctae
BiNbHOIO. B muiasmi 3 HeraTtHBHO 3aps/PKCHHX HAHOYACTHHOK, CJIEKTPOHIB Ta MO3UTHBHHUX IOHIB HPH BHCOKHX KOHIICHTpAISX
HAHOYACTHHOK KoedilieHT aMOinoysipHOi Andys3il eJeKTPOHIB AOPiBHIOE MOABIHHOMY KoedilieHTy iX BimbHOT qudys3ii, a koedirieHT
amOinonspHoi An¢y3ii MO3UTUBHUX 10HIB HAOIIKAETHCA IO MOABIMHOTO KoedimieHTa BibHOI Mudy3ii HaHOYacTHHOK. B mia3mi, mo
CKJIQIA€ThCA 3 EJIEKTPOHIB, IIO3UTHBHUX Ta HETATHBHUX 10HIB, a TAKO)K HAHOYACTUHOK, BAYKJIUBHM € T€, SIK CAME BTPAYarOThCS BiNbHI
€JIEKTPOHH, TOOTO, OyIyTh BOHHM IE€PEBaKHO YTBOPIOBATH HETAaTHBHI i0HM a00 NPWIMIATH O MOBEpXHI HAHOYACTHHOK. SIKIIO
JIOMiHYy€ TIPWINIAHHS EJICKTPOHIB 10 MOJEKYyJ] ra3dy i HakOIMYEHHs HETaTHBHHUX 10HIB, TO KoeQilieHTH amOinoysipHOl audysii
€JIEKTPOHIB, HETaTUBHUX IOHIB Ta HAHOYACTMHOK ONM3bKiI MO iXHIX Koe(ilieHTIB BiNbHOI andy3ii. SKIO BiLNBHI €IEKTPOHU
NepeBakKHO 3HUKAIOTh BHACIIIOK iX NPMJIMIIAHHS JO HAHOYACTHHOK, TO KoedilieHTn aMOinomnsipHoi 1udys3ii elneKkTpoHiB, HeraTHBHIX
iOHIB Ta HAHOYACTHHOK MOPIBHIOIOTH iX MOIBIHHMM KoedimieHTam BinbHOI audy3ii. BusiBneno, mo koedilieHT amOinonspHOT
nu(y3ii MO3UTUBHUX 10HIB 3aJIEKUTh Bifl TOTO, SIK CaMe BiJIbHI €JIEKTPOHH BTPAYAIOTHCS 3 IIa3MU. SIKIIO iHTEHCHBHO yTBOPIOIOTHCS
HETaTHBHI 10HH, TO BiH HaOIIMKaeThca 0 KoediieHTa BiTbHOI An(y3ii HETaTUBHUX 10HIB, a IPH IHTEHCHBHUX BTpaTax eJNeKTPOHIB
HA TOBEPXHI HAHOYACTHHOK BiH aCHMIITOTUYHO 30JIIKYETHCS 3 MOABIHAM 3HaUCHHSAM KoedilieHTa BUTbHOI TU]y3ii HAHOYACTHHOK.
3a HasBHOCTI B IUIa3Mi JOCTATHBO BHCOKHX KOHIIEHTpALiil HETaTHBHUX iOHIB Ta/ab0 3apsmKeHHX HAHOYACTHHOK HAIPYXKEHICTh
aMOINOJISIPHOTO €JIEKTPHYHOTO MOJS CYTTEBO 3MEHIIYEThCS H HAaBITh MOXKE MOCATTH HyJS Ta 3MIHHTH 3HaK. 3 IDIa3MH 31 ciabko
HETaTUBHUM aMOINOJSIPHUM MOJIEM MOXKE BHAAISATHCS HA/UIMIIOK HETaTHBHUX IOHIB Ta HAHOYACTHUHOK, SIKI HAKOMHUYYIOTBCS, IO
cTabinizye ropiaHsa po3psanay. Ilin 4ac eKCIEepUMEHTIB 3 alleTHICHOBOIO IUIA3MOI0 CIIOCTEPIiraBcs MOTIK JPIOHUX HAHOYACTHHOK Ha
CTiHKY TPYOKH, 110 MOYKE CBIAYUTH PO 3MiHY 3HAKa aMOIMOJIIPHOTO eEKTPUIHOTO MOJIS.

KuarouoBi ciioBa: ambinonsipna oughysis, anarimuuna mooensb, amoinoisipHe eieKkmpuine nojie; HaHOYACMUHKU, He2amueHi ioHu





