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A B S T R A C T   

Influence of the ratios of the carbon nanotube arrays geometrical parameters (height to radius – H/R, distance 
between the individual nanotube to height – S/H) on their properties to enhance the electric field strength at 
their tips and to accumulate electrostatic charge have been investigated. It was done with the help of their 
electric field mathematical modelling. Such modelling has shown that dependences of the emission current 
density on S/H ratio have maximums that are determined both by H/R and the applied electric field strength 
levels.   

1. Introduction 

One of the promising ways of the cold cathode electron emission 
devices creation is usage of the carbon nanotubes (CNT) arrays able to 
accumulate electrostatic charge at their tips [1]. It is provided by the 
CNT conductive properties as well as their large height to radius ratio 
enabling substantial electric field (EF) strength amplification at their 
tips [2–4]. The area of practical application of the field-induced electron 
emission devices on the CNT arrays is quite wide because of their 
miniature size and a possibility of obtaining rather big emission currents 
at relatively small levels of the applied voltages [2]. Such areas comprise 
space electric propulsion systems [5,6], electron beams [7], radio-
frequency electronics [8], mass spectrometry [9], and many others [10]. 

Although there are some problems with stability of the current 
emitted from the CNT [11], they can be solved for example with the help 
of usage of diamond tipped carbon nanotubes [12] and diamond-like 
carbon film deposited onto CNT arrays [11]. Investigations of the in-
fluence of the CNT type, chirality and technology of obtaining on their 
properties to emit electrons are described elsewhere [13–15] and were 
not considered in this work. 

There are publications on studying of the CNT arrays geometrical 
parameters influence on their characteristics as the cold electron emit-
ters [2–4,16]. There are also studies on the CNT arrays geometrical 
parameters optimization [17]. However, still there is no a well-grounded 
methodology that determines the ratios between the CNT arrays 
geometrical parameters depending on the optimization goals. The aim of 
the work is investigation of the CNT arrays geometrical parameters 

influence on their electric field and therefore on the output character-
istics of the electron emission devices. At this, dependencies between the 
current density maximal levels and the CNT arrays geometrical param-
eters, namely, ratios of height to radius (H/R) and pitch to height (S/H) 
at different magnitudes of the applied EF strength should be determined. 
Consideration of the electrical processes affecting choice of these pa-
rameters can be carried out with the help of the mathematical models 
and the known experimental data on the characteristics of the cold 
cathode electron emission devices. 

For modelling of the CNT arrays EF, only analytical methods cannot 
be used, and numerical simulation is required. Taking into account a 
rather large ratio between the CNT height and radius, usage of the nu-
merical method of moments [18,19] or equivalent charges [20] is not 
expedient. Using these methods, system of the solved equations is 
extremely large because of a big number of virtual charges that should 
be placed on the rod axis at distances comparable with its radius. 
Application of the finite element method [21] is not rational, as the 
CNTs are straight objects, and this method is intended mainly for the 
curved ones. For such a modelling, application of the final difference 
methods [22] and the final integration technique [23] seems most 
appropriate. These methods were modified for the considered case of a 
large H/R ratio by usage of the analytical laws of the electric potential 
and the EF strength decrease in the directions radial to the CNT axis [24, 
25]. It provides reduction in several orders of the number of equations of 
solved system due to usage of a relatively big spatial step. 

E-mail address: maryna.rezynkina@gmail.com.  

Contents lists available at ScienceDirect 

Journal of Electrostatics 

journal homepage: http://www.elsevier.com/locate/elstat 

https://doi.org/10.1016/j.elstat.2020.103544 
Received 7 October 2020; Received in revised form 5 December 2020; Accepted 21 December 2020   

mailto:maryna.rezynkina@gmail.com
www.sciencedirect.com/science/journal/03043886
https://http://www.elsevier.com/locate/elstat
https://doi.org/10.1016/j.elstat.2020.103544
https://doi.org/10.1016/j.elstat.2020.103544
https://doi.org/10.1016/j.elstat.2020.103544
http://crossmark.crossref.org/dialog/?doi=10.1016/j.elstat.2020.103544&domain=pdf


Journal of Electrostatics 109 (2021) 103544

2

2. Modelling of the electric field at voltage application to the 
CNT arrays 

To determine the EF distribution, used calculation system includes 
the CNTs arranged as an array with separate CNTs located in the nodes 
of a rectangular grid on the surface of the grounded plane electrode. 
Distances between the CNTs are assigned equal to S. The upper flat 
electrode to which voltage U is applied locates on distance L above the 
grounded electrode. As L is several orders of magnitude larger than CNT 
height H, it was assumed at calculations that the CNT array is located in 
the area with the EF having average strength E0 ≈ U/L and the upper 
electrode was not included in the calculation system. 

For the electric field calculation, the finite integration technique 
modified for application in the case of the long and thin conductive rods 
located in the EF was used. This method supposes imposition of a rect-
angular grid on the studied area. It is done in such a way that the grid 
nodes (i,j,k) locate on the CNT axis. The solvable equations written for 
each grid node were integrated over the unit cells volumes inside sur-
faces perpendicular to coordinate axes - Sxy, Sxz, Syz (see Fig. 1). 

It is known that for determination of the electromagnetic fields in the 
periodic structures, to which the CNT arrays refer only one repeated 
object is considered at the symmetric boundary conditions application 
[22]. Therefore, instead of a CNT array, calculation system includes a 
single CNT from the array, and the system lateral boundaries coincide 
with half distances between neighboring CNTs (see Fig. 1). On these 
boundaries, symmetrical periodic conditions of Neumann type are used. 
Comparison of the results of the EF calculations at such an approach 
usage with the experimental data [2] have shown their good coincidence 
[25]. 

It was considered at calculations that the CNT axis is directed along Y 
axis, and the coordinate system origin coincides with the CNT base (see 
Fig. 1). The regions in X and Z axes directions were limited to 0.5 S (i.e. 
half of the array pitch), and the symmetrical Neumann conditions at 
these boundaries were assigned as follows: ∂φ/∂x = 0 and ∂φ/∂z = 0, 
where φ is the electric potential. To reduce the computational domain 
dimensions, the so-called uniaxial perfectly matched layers (UPML) [22] 
were placed on its upper boundary (see Fig. 1) and the boundary con-
dition ∂φ/∂y = − kmaxE0 [25] (where kmax is one of the UPML parameters 
[22]) was assigned. 

The problem was formulated in the electrostatic approach. The 
solvable equation

where γi,j,k is conductivity of (i,j,k)-th cell; n is a normal to SV - surface of 
a cell volume V (SV consists of Sxy, Sxz, Syz surfaces - see Fig. 1). 

was obtained by taking divergence from Maxwell’s equation [26]. 

rotH→= γ E→+ ∂D→
/

∂t,

where D→= ε0ε E→ is electric displacement field; ε0 = 8.85 × 10− 12 F/m; ε 
is relative permittivity; E→ is the EF strength; H→ is the magnetic field 
strength integrating it by cell volumes V, using Gauss’ theorem and 
expressing E→ through φ [26]: 

E→= − gradφ.

For numerical solution of (1) written for each node of the calculation 
domain, derivatives were replaced by the ratios of differences of the 
electric potentials in the adjacent nodes to the distances between them 
[22]. In the considered system with a long conductive rod, such a linear 
approximation is applicable only when grid spatial step Δ is equal or 
smaller than the rod radius R. As the CNT radius is less than its height in 
102 – 104 times, application of a computational grid with such a small Δ 
in the case of 3D problem causes increase of the order of solved system of 
equations up to 107–1014. Numerical solution of the algebraic systems of 
equations of such rather large orders causes the calculation errors 
accumulation. To avoid this problem, Δ was chosen proportional to the 
CNT height, not its radius. It permits decreasing the number of the 
computational domain nodes and therefore the number of solvable 
equations by many orders of magnitude. For this, the applied at calcu-
lations method takes into account that the electric potential and the EF 
strength between the computation domain nodes located on the rod axis 
and next to them on the distance of a spatial step Δ = αH (where α =
0.1–0.01) change non-linearly. These changes were assigned in accor-
dance with the analytical dependencies for a long conductive spheroid 
under potential. In more details, the calculation method is described 
elsewhere [25]. The relative error of | E→| and φ calculation with the help 
of this approach is less than 3% [25]. 

A ratio β/β0 is usually used as a main factor for comparison of the 
output parameters of having different configurations CNT arrays that 
are used as the cold cathode electron emitters [2]:  

β/β0 = Emax/Emax0,                                                                                 

where β = Emax/E0; β0 = Emax0/E0; Emax, Emax0 are the EF strength at the 
tip of a CNT located in an array and of a separately located CNT 
correspondingly; E0 is applied EF strength. 

Determination of Emax value is connected with certain difficulties as 
it depends on the form of the CNT tip. Moreover, the CNT tip shape can 
differ for CNTs in the same array [11]. Usually, it is assumed when 
determining the maximum EF strength at the conductive rod tip that it is 
rounded by the rod radius R [27]. Therefore, the minimal radius of the 
sharp edges at the CNT tip can vary in the range from fractions of R to R. 
The maximum EF strength at the tip is the greater the smaller radius of 
its sharp edge. It can be shown that the EF distributions at the distances 
greater than (5-10)R from the rods having different shapes of their tips 
but the same H and R practically coincide [28,29]. 

At the numerical calculations, approximations of the EF strength 
components are determined as a ratio of the electric potentials differ-
ence in the adjacent nodes to the distance between them. Thus, taking 
into account that CNTs of the considered cold electron emitters are 
grounded and their electric potential equals to zero, Eyt – approximated 
y-th component of the EF strength at the CNT tip is determined as 
follows:  

Eyt = − ∂φ/∂y|y=H ≈ – (φi,jt+1,k – φi,jt,k)/Δ = − φt/Δ,                                  

where φi,jt,k = 0 is potential in the node located at the CNT tip; φi,jt+1,k =

φt is potential in the node just above the CNT tip on distance Δ (see 2 in 
Fig. 1). 

Fig. 1. Calculated system comprising a separate CNT in an array to which the 
EF with strength E0 is applied and a cell of the calculation grid. 1 is CNT, 2 is 
node where φt is determined, ΔXi = ΔYj = ΔZk = Δ are grid spatial steps. 
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Emax levels are directly proportional to φt levels for identical CNTs 
(having the same tip form, H and R levels) located in arrays with 
different pitches, including the case of a separately located CNT. So, to 
compare a degree of the EF amplification at the tip of a separately 
located CNT and the same CNT located in an array, such a parameter as 
the electric potential above the CNT tip can be used: 

β/β0 = Emax
/

Emax0 ≈ φarr
t

/
φs

t ,

where φarr
t corresponds to a CNT in an array; φs

t corresponds to the same 
CNT located separately. 

φarr
t can be determined by numerical calculations of the EF of a CNT 

in an array as described above. For a separately located CNT, φs
t can be 

determined by the analytical expression for a long conductive spheroid 
[26] having geometrical parameters equivalent to the considered CNT in 
an array: a big half-axis equal to H and two little half-axes equal to R. As 
carried comparison has shown, φs

t calculated numerically for a sepa-
rately located rod coincides with the analytical solution within the 
relative differences less than 3% [25]. Numerical modelling has shown 
that ratios between φarr

t for a CNT from two arrays with different pitches 
are practically independent on the level of Δ in the range Δ = (0.1–0.01) 
H for which the accurate EF calculation is provided. So, β/β0 determi-
nation as φarr

t /φs
t can be considered as a reliable parameter for com-

parison of the CNT arrays output characteristics. 

3. β0 and emission current of a separate CNT 

Dependence of a separately located CNT current on the applied EF 
strength is determined usually with the help of Fowler–Nordheim (FN) 
theory as follows [2,30]: 

ICNT = [AE2
loc

/
ϕ]⋅exp( − B ⋅ ϕ3/2 /Eloc)⋅Qtip, (2)  

where A = 1.56 × 10− 6 A V− 2eV; B = 6.83 × 109 eV− 3/2 V m− 1; ϕ = 4.9 
eV is the work function of the emitter; Eloc = E0β0 is local enhanced EF 
strength at the CNT tip (V/m); E0 is applied EF strength (V/m); Qtip is tip 
emission area (m2). 

Fig. 2 presents dependence calculated by (2) at Qtip = 6 × 10− 15 m2. 
This dependence for a separately located CNT is confirmed experimen-
tally elsewhere [2]. 

CNT arrays application as a working body of the cold electron 
emission devices is possible due to the applied EF strength enhancement 
at their tips. Such enhancement, characterizing by coefficient β0 can 
reach 100–1000 and more for a separately located CNT. However, 
precise levels of β0 are rather difficult to determine [2,17]. There are 
data on β0 dependence on H/R ratio for different forms of the CNT tips 
[4,31]. However, it is not easy to define strictly β0 levels for the CNTs of 
the considered application as their form can vary [11]. As a rule, β0 level 

is assigned to be approximately equal to H/R ratio [2]:  

β0≈H/R.                                                                                         (3) 

Taking into account (3) and substituting Qtip = πR2, (2) can be 
rewritten for a separately located CNT as follows: 

Is = [A ⋅ E2
0 ⋅ H2 /ϕ]⋅exp[ − B ⋅ ϕ3/2 / (E0 ⋅ H /R)]⋅π. (4) 

As can be seen from the curves calculated by (4) (see Fig. 3), both H 
increase and R decrease cause magnification of the current of a separate 
CNT. Calculations were performed for two levels of the applied EF 
strength: E0 = 25 V/μm and E0 = 45 V/μm for the case of H variation and 
constant R equal to 25 nm (see _____ in Fig. 3) and at R variation and 
constant H equal to 2.5 μm (see _ _ _ in Fig. 3). H influence is the greater 
the greater its value. Dependence of Is on R is less pronounce as this 
parameter is under the exponential sign in (4). 

To determine current of a CNT located in an array, the following 
equation can be written from (4) by β/β0 introducing to take into ac-
count Eloc lessening due to the electrostatic shielding: 

Iarr
CNT =

[
AE2

0(β/β0)
2H2

/
ϕ
]
⋅exp

[
− Bϕ3/2/(E0(β/β0)H/R)

]
π.

It may be seen from the last equation that the character of E0 and H/R 
influence on Iarr

CNT levels is the same as for a separate CNT. 

4. Correlation between the CNT arrays parameters at different 
optimization goals 

The greater H/R ratio the greater amplification of the EF strength 
occurs at the tips of the CNTs, including those located in arrays. This 
means that at larger H/R, the electron emission processes begin at 
application of the electric fields with lower strength. It seems expedient 
to get larger CNT arrays H/R ratios by reducing their radius R, and not 
by increasing their height H. The reason is follows: CNTs in an array 
should locate on a rather large distance (S) from each other to avoid 
decrease of the EF strength at the CNT tips caused by the electrostatic 
shielding. S should be chosen depending on the CNT height H. So, at H 
increase, S also should be increased not to amplify the electrostatic 
shielding. However, S increasing reduces the current density of the de-
vice or the total area of the CNT array should be enlarged to obtain 
necessary total current. From the other hand, decrease of R causes 
decrease of the emission area Qtip in (2) as it is directly proportional to 
R2. 

In practice, sometimes we deal with CNT having the assigned geo-
metric parameters R and H, determined by the technology of their 
manufacture. Moreover, depending on the goals that should be achieved 
at the development of the cold electron emitters based on the CNT ar-
rays, optimization parameters can be different. If operation of such a 

Fig. 2. Dependence of the current emitted by a separately located CNT (Is) on 
the EF strength at its tip (Eloc) calculated with the help of (2). 

Fig. 3. Calculated dependences of the current of a separate CNT (Is) on H/R 
ratio for two levels of the applied EF strength E0. 
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device at the lowest voltage is desirable, an optimization parameter 
should be factor β. This parameter increases with the distance between 
individual CNTs in an array increasing. It seems appropriate to evaluate 
the character of dependence β = f(S/H) on the degree of the EF strength 
decrease caused by the electrostatic shielding effect of the neighboring 
CNTs. 

A case is also possible when it is necessary to provide the maximum 
current density of the cold electron emitters based on CNTs, i.e. to get 
certain output current at certain applied voltage and the minimal CNT 
array area. In this case, it is required to analyze influence of S/H ratio on 
the CNT array current density. As carried simulation has shown, when 
H/R ratio of the CNT in an array increases, S/H ratio causes less influ-
ence on the degree of the EF strength decrease [25]. 

To appreciate mentioned effects, a set of simulations have been done. 
At calculations, the follows parameters of the computation grid were 
used (see Fig. 1): Δ = 0.25 μm, xmin = − S/2, xmax = + S/2, ymin = 0, 
ymax = 2.4 H, zmin= – S/2, zmax = + S/2 (where xmin, xmax are minimum 
and maximum values of X coordinate; zmin, zmax are minimum and 
maximum values of Z coordinate). Boundary conditions were follows: φ 
= 0 at y = 0, ∂φ/∂y = − kmax⋅E0 at y = ymax; ∂φ/∂x = 0 at x = xmin, x =
xmax; ∂φ/∂z = 0 at z = zmin, z = zmax. UPML having 10 layers, exponential 
index m = 3 and parameter kmax = 300 [22] were placed on the calcu-
lation domain upper boundary in Y axis direction (see Fig. 1). 

Fig. 4 presents examples of the calculated distributions of the equal 
electric potential lines in the vicinity of two adjacent CNTs from their 
array. Two CNTs, not one (as in Fig. 1) are presented to make these 
distributions more demonstrative, although the EF are the same in both 
cases. In these calculations, the height and radius of the CNTs remained 
constant (H/R = 200, H = 5 μm, R = 25 nm), and distance between CNTs 
in arrays varied. 

As can be seen from Fig. 4, the level of S/H ratio causes significant 
effect on the character of the EF distribution nearby a CNT in an array. 
Thus, in the middle of the distance between the neighboring CNTs, the 
equipotential line φ = 25 V passes almost at the CNTs tips level (y ≈ H =
5 μm) for S/H = 0.25 (Fig. 4a), at the height y ≈ 0.3 H = 1.5 μm for S/H 
= 1 (Fig. 4b), and at the height y ≈ 0.2 H = 1 μm for S/H = 3.5 (Fig. 4c). 

With the help of such calculations, dependences β/β0 on the CNT 
arrays pitch to height ratio for various levels of H/R have been plotted 
(see Fig. 5). Calculations were performed for the CNT with H = 5 μm. 
Comparison with the experimental data [2] (see dots o in Fig. 5) shows 
good agreement with carried numerical modelling. 

As can be seen from the dependences presented in Fig. 5, increase of 
S/H ratio causes substantial increase of β/β0. It can be seen also that the 
character of dependencies β/β0 = f(S/H) is similar in a rather broad 
range of H/R variation – from 100 to 8000. It can be seen also that β/β0 
tends to 1 at S/H≥3.5. Therefore, for such pitches, the EFs of the CNTs 
do not effect each other and the electrostatic shielding is absent. 

The CNT array current density can be calculated as follows:  

Jarr = Is∙Narr/Qarr,                                                                           (5) 

where Is is determined by (2) for corresponding Eloc; Qarr is area of the 
array or its periodic part; Narr is the number of CNT in Qarr. 

The CNT current (2) written by FN theory can be rewritten through β, 
substituting Qtip = πR2: 

ICNT = [A ⋅ (β⋅E0)
2 /ϕ]⋅exp[ − B ⋅ ϕ3/2 / (β ⋅ E0)]⋅πR2. (6) 

From (5) and (6), we can write expressions for the current density of 
a separately located CNT (Js) and for their array (Jarr) with regard that in 
the first case Narr in (5) equals to 1: 

Js =
[
A⋅(E0⋅β0)

2/ϕ
]
⋅

exp
[
− B⋅ϕ3/2/(E0⋅β0)

]
⋅πR2/Qarr,

(7)  

Jarr =
[
A⋅(E0⋅β)2/ϕ

]
⋅

exp
[
− B⋅ϕ3/2/(E0⋅β)

]
⋅πR2⋅Narr

/
Qarr.

(8) 

Taking into account that Narr is inversely proportional to the array 
pitch square, namely Narr = Qarr/S2, we write:  

Narr/Qarr=(Qarr/S2)/Qarr = 1/S2                                                                

From (7) and (8), we can write a ratio of the CNT array current 
density to the same value for a separately located CNT as follows: 

Jarr

/
Js = (β/β0)

2⋅exp
{
− Bϕ3/2[1/(E0β) − 1/(E0β0)]

}/

(S/S0)
2
,

(9)  

Fig. 4. Calculated distributions of the lines of equal electric potential (in volts) 
in the cross-section Z = 0 passing through the CNTs axis at application of the EF 
with E0 = 25 V/μm to arrays of the CNTs with parameters: H/R = 200 (H = 5 
μm, R = 25 nm). 
a) S/H = 0.25 (S = 1.25 μm), b) S/H = 1 (S = 5 μm), c) S/H = 3.5 (S =
17.5 μm). 

Fig. 5. Calculated dependences of β/β0 on the CNT arrays pitch to height ratio 
(S/H) for various H/R levels. o – experimental data [2]. 
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where S0 is distance between CNTs when they can be considered as 
located separately (see Fig. 4c – S0 ≈ 3.5 H). 

Increase of the distance between the CNTs in an array over S0 is not 
expedient, so S ≤ S0. 

Evidently, decrease of the distance between CNTs in an array, and 
hence increase of their total number per a unit area causes increase of 
the current density. Simultaneously with this, because of the electro-
static shielding, the local EF strength levels at the CNTs tips decrease, 
which causes decrease of the current from each CNT (see Fig. 5). 
Considering these oppositely influencing processes, S/H ratio at which 
current density has the maximum value can be obtained. For this pur-
pose, calculations for determination of a ratio of the current density of 
the CNT arrays (Jarr) with different S levels to the current density of an 
array of the same CNTs with pitch S0 (Js), when CNTs can be considered 
as located separately were performed. For such calculations, (9) was 
used, as well as calculated dependences β/β0 shown in Fig. 5. 

Fig. 6a corresponds to Jarr/Js dependencies for the CNT arrays with 
H/R = 200 (H = 5 μm, R = 25 nm), Fig. 6b – to H/R = 1000 (H = 5 μm, R 
= 5 nm). Calculations were carried out for various levels of the 
maximum local EF strength at the CNTs tips (Eloc). 

As can be seen from Fig. 6, dependences Jarr/Js have the similar 
character for the considered parameters and reach maximums at S/H ≈
1.75–2.75. This range depends on H/R ratio level and the applied EF 
strength level, determined approximately in accordance with [2] as 
follows: E0 ≈ Eloc/(H/R). As can be seen from Fig. 6, the bigger applied 
EF strength the less level of S/H ratio at which Jarr/Js maximum is 
reached. Thus, for H/R = 200, Jarr/Js maximum is reached at S/H ≈ 2 for 
Eloc = 8 kV/μm and at S/H ≈ 2.75 for Eloc = 4 kV/μm (see Fig. 6a). It is 
connected with greater influence of the electrostatic shielding at the 
small EF strength levels, as at rather small emission currents even a 
slight decrease of the EF strength causes substantial current decrease. 
The same refers to H/R ratio influence: the bigger H/R ratio the less level 
of S/H ratio at which maximum Jarr/Js is reached. Thus, Jarr/Js 
maximum is reached at S/H ≈ 1.75 for H/R = 1000 and at S/H ≈ 2 for 
H/R = 200 (Eloc = 8 kV/μm – see 1 in Fig. 6a,b). It is caused by lessening 
of S/H ratio influence on the degree of the electrostatic shielding at 
bigger H/R levels [25]. 

5. Conclusions  

1. An approach to comparative assessment of the output parameters of 
the CNTs located in arrays, used as the cold cathode electron emit-
ters, namely the current density and the EF strength at their tips has 
been proposed. It supposes that the level of the electric potential at a 
certain distance (Δ) above the tip of a CNT located in an array (φarr

t ) 
is compared with the potential at the same distance for the same 
separately located CNT (φs

t). Δ is chosen proportional to the CNT 
height H (Δ = αH, where α = 0.1–0.01). Then, a degree of the EF 
strength enhancement for a CNT in an array relatively such 
enhancement for a separately located CNT can be determined as a 
ratio of these potentials: β/β0 ≈ φarr

t /φs
t .  

2. To get the EF strength amplification at the tip of a separately located 
CNT and as a result the larger current from it, both its height H can be 
increased and its radius R decreased. This effect is more pronounced 
when H is increased. However, H increasing causes necessity to in-
crease the pitch of the CNTs located in an array not to decrease the EF 
strength because of the electrostatic shielding.  

3. Using the known experimental data and carried numerical modelling 
of the electrical processes in the CNT arrays at the EF application, 
influence of the CNT parameters ratios (height to pitch and height to 
radius) on the value of the emission current density has been 
analyzed at various applied EF strength levels. As carried modelling 
has shown, the maximum values of the emission current density are 
observed when condition S/H = 1.75–2.75 is fulfilled. The range of 

S/H values changing is determined by the level of the applied electric 
field strength E0 and H/R level (see Fig. 6). 
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