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MODEL OF A STREAMER IN A LONG DISCHARGE GAP

V. P. Meleshko and V. A. Shveigert UDC 537.521

Detailed experimental data have been published on the development of a streamer with
characteristic times substantially longer than the avalanche-streamer transition (AST) time.
The results of the different experiments are not completely consistent even at the qualita-
tive level. Rudenko and Smetanin (1] and Davidenko et al. [2], observing that a streamer
formed at the center of a discharge gap and propagated toward the electrodes, determined that
the velocity of both ends of the streamer increases rapidly and continuously. Bayle et al.
[3] found that the streamer velocity became saturated as the channel moved through a long dis-
charge gap. The contradiction is not resolved by the results of other experimental studies.
Kline [4), Reininghaus (5], and Dhali and Williams [6] carried out calculations of a streamer
in the diffusion-drift approximation. However, they studied only the initial stage in the
formation of the streamer channel, which does not indicate the nature of the channel develop-
ment in a long discharge gap at long characteristic times. The development of a long streamer
is described only phenomenologically by existing models [7, 8].

In this study, in the diffusion-drift approximation we numerically simulate the develop-
ment of a streamer in neon under one-electrode initiation of a discharge at the center of the
gap with the gas at atmospheric pressure. The gap was assumed to be unbounded and the effect
of the electrodes was not taken into account. The streamer channel was calculated to grow to
a length of up to 7 cm. Two phases were shown to exist in the development of the streamer: an
acceleration phase, when the velocity of the streamer increases rapidly; and a phase of quasi-
steady development, in which case the streamer velocity changes very slowly.

The two-dimensional calculation of streamer development over a long time requires much
computer time. Accordingly, a one-dimensional model is used to calculate the transport of
charged particles. The initial stage of streamer development has already been calculated in
such a model [4].

The behavior of electrons and ions is described by the equations
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Fig. 1

where ng and nj are the electron and ion densities, n* is the density of excited atoms, E is
the electric field in the gap, e is the electron mobility, Dg is the electron diffusion co-
efficient, 1/15¢ = <0,cVa>ngy, Vy is the thermal velocity of the gas atoms, n, is the gas-atom
density, B is the recombination coefficient, o is the coefficient of collision ionizationm,
and o5, is the cross section for associative ionization.

The electric field is calculated by using the model of disks [5]

z—z z—z' dz’

lz—2] B ‘/Rf( -+ (:t——.t’)2

E(x)=E, + 2ne5 [n; (z) — n. (=) [

Here E, is the external electric field, e is the elementary charge, and R; is the radius of
the streamer channel. Associative ionization is considered as the secondary mechanism of ion-
ization. The mechanism of excitation of the gas under interaction with resonance radiation,
excitation of the gas atoms by electrons, and spontaneous de-excitation of these atoms are
taken into account. Radiation transfer is assumed to occur at the effective resonance level.
The mechanism of broadening of the radiation line has been considered. The distribution of
the excited atoms is described by the Biberman—Holstein equation

on*(z) R () ar(z)  n*(2) ij‘ (o " g
G T T T +Tz n* (2 G (z, 2') dz’.

The kernel G(x, x') represents the probability that radiation from a point with coordinate x
is absorbed in an elementary volume V at point x'. In the calculations carried out the rela-
tion h << Ag (A\p is the mean free path of a photon at the center of the line) was always
satisfied for the grid spacing h. The broadening mechanism was assumed to be Lorentzian.

The simple analytical relation G(z,z)= L/XEPV(lfﬁlﬂu) (9], was used for G(x, x') and the

coefficient collision excitation was Tgy = SapeE (8 is the number of excitation events per
collision ionization event and T, is the lifetime of the effective resonance level).

.From the results of two-dimensional simulation of a streamer [6, 10] we can conclude that
the transverse dimension of the streamer channel varies very little from time when AST occurs.
The channel radius R., therefore, was assumed to be constant and equal to the diffusion radius
of the avalanche up until AST took place. Comparison of test calculations of AST in nitrogen
with the data of [11] showed that AST is described fairly well by the model adopted.

An avalanche is known to multiply in accordance with Townsend's law Ng ~ exp (avgt) un-
til the number of electrons in it is Ng ~ 10° [12]. The calculation was started with Ng =
105 and time tyy = In(Ng)/apgE,.

The electron density in the initial avalanche was assigned a Gaussian distribution along
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the axis of the streamer channel with a characteristic avalanche size R ~ v4Dgtyy. The gas
parameters were taken from (13]: u? = 800 cm?/V-sec, Dg = 7-10% cm?/sec, a/p = A exp
(-B/(E/p)], B =0, A =9.98:10% cm™!-Pa”!, and B = 2.7-10* V/cm-Pa. The literature does not
give the necessary information about the kinetic parameters t1,. and T4y, of neon. Kanl and
Seyfried [14] chose some levels, which are capable of participating in the transfer of ex-
citation with subsequent associative ionization and introduced complex kinetic parameters

for them. In the present study the parameters of secondary ionizatjion are typical of neon
resonance levels which are capable of participating in this process (1y = 107% sec, 14, =
5-10"% sec, § = 10 {9, 14, 15]). The indeterminacy in the choice of the indicated parameters
and the broadening mechanism has only a weak effect on the nature of the streamer development.
In the given case, e.g., a quasirandom mechanism operates at the edges of the lines. This
aspect is not fundamental, however, for the problem under consideration. Various aspects of
secondary ionization are discussed in detail below.

The calculation was carried out in the Lagrangian coordinate system on a uniform moving
grid with condensations in the region of strong electric-field gradients. In order to reduce
the effect of numerical diffusion, the development of secondary avalanches, formed in the gap
far from the streamer channel, was calculated separately by the particle method with subse-
quent interpolation to the grid. The minimum grid spacing along the x axis was hgij, = 0.2 R..
Two limitations were taken into account when choosing the time interval: Courant stability
for an explicit scheme approximating the transfer equation TC:=n?n{1/(vuhi+-2Lkﬂﬁ)] (h; and

vy are the size of the i-th cell and the drift velocity of electrons in it); the character-
istic charge relaxation time in the plasma is 1, = 1l/(4m6) (o is the plasma conductivity).

The time interval should not exceed t1,. Hence T = min{t., T,]. As the avalanche development
begins T < Tp. Up until AST occurs the channel conductivity increases and 1. ¢ Tp. With
the development of the streamer after AST the conductivity of the plasma in the channel de-
creases so much that 1, << 1,. In trial calculations after AST we assumed that t = 1,. With
this interval in the case of long times, a numerical instability nevertheless arose and, there-
fore, in the stage of a developed streamer the calculations were done with 1 = 0.2 1,.. A
further reduction of 1t did not lead to any appreciable changes in the results of the calcula-
tions.

The AST mechanism has been studied fairly well [11, 16] and, therefore, we shall not
focus attention on it. By the time AST occurs a characteristic electric-field distribution
with two maxima at the ends is formed in the channel. The field inside the channel is (0.6-
0.8)E, and varies only slightly. Then a linear distribution of charge is established in the
streamer channel. All times are measured from the time when an initiating electron appears
in the gap. Figure 1 shows the graph of the luminosity isolines of the streamer channel,
which was obtained for E, = 16 kV/em. In this figure and in subsequent figures the x axis
is directed opposite to the external electric field. Marked on the isolines are the corre-
sponding relative levels of luminosity, which were determined from the density n* of excited
atoms at the given point in the channel. The dashed-dotted lines represents the boundary of
the region where secondary ionization is induced by the radiation of the channel. The effect
of this region on the development of the streamer is discussed below. The dashed lines indi-
cate the positions of the maximum of the electric field at the ends of the channel. We see
that during the streamer development the velocity of propagation of the leading edge of the

15



%

luminosity increases abruptly. The slope of all the brightest lines then increases. Unless
stipulated otherise, here and below we deal with both anode and cathode streamers. Intensive
ionization corresponds to a rapid increase in the channel luminosity. The development of an
avalanche in a weak external field (E, < 9 kV/cm) has a superexponential segment, i.e., an
interval of time when the number of electrons in the avalanche varies more rapidly than ac-
cording to the law Ny ~ exp (avet). In relatively strong external fields (E, > 16 kV/cm) the
electron multiplication is always slower than exponential. Figures 2 and 3 show the elec-
tron-density distributions in the gap at different times for E, = 8.6 and 16 kV/cm, respec-
tively. The dashed line indicates the éxistence of a region of weakly ionized gas (ng < 10°
cm”3®) on either side of the streamer channel because of secondary ionization. The scale of
densities ng is laid off along the left vertical axis and the scale of the electric field
strength is laid off along the right vertical axis. The field distributions in the gap are
indicated by points in Figs. 2 and 3 but not for all times so as not to overload the drawing.

1, nsec

F1g. 4

After the AST a long precursor is formed ahead of the channel (Fig. 3). Then a fast
ionization wave moves along the precursor toward the cathode. The rate at which the maximum
of the field at the cathode end of the channel is displaced increases sharply in this case.
The development of the streamer in the direction of the anode is more even, but its rate in-
creases. At the time of an abrupt increase in the velocities of the streamers the field at
the ends of the channel decreases slightly. With further development of the streamer channel
the number of electrons in it increases more and more slowly and the slope of the distant
luminosity isolines begins to decrease (see Fig. 1).

The most detailed data on the development of a streamer in a long discharge gap in neon
have been given by Rudenko and Smetanin [1], who observed a shift of the boundaries of the
streamer-channel glow. Time dependences of the streamer lengths have been obtained for dif-
ferent values of the external field. A conclusion as to the times at which streamers are
initiated at different values of the external field, however, cannot be made on the basis of
the results cited. Comparison of the data obtained in this study with the results of [1] is
qualitative and is made without relation to the initial time of developemnt (Fig. 4). The
calculated curves (E, = 16 and 8.6 kV/cm in Fig. 4 a and b, respectively) reflect the displace-
ment of fixed level of luminosity at the end of the channel. For the comparison we chose a
level of luminosity at which the calculated curves correspond best to the experimental curves
2{x) (level 10°! in Fig. 1). According to the data of [1], graphs c and d correspond to E, =
16 and 8.6 kV/cm, respectively. Curves 1 represent the change in the total length of the
streamer and curves 2 and 3 represent the propagation of the cathode and anode streamers, res-
pectively. Qualitative agreement between the experimental and calculated curves is observed
at various values of the external field.

Secondary ionization causes a region of weakly ionized gas to form ahead of the streamer
channel. The existence of such a pre-ionization zone (PIZ) has an effect on the electron-
density profile in the channel. Thus, the profiles of the density ng in the channel of a
streamer developing in a strong external field (E, = 16 kV/cm) and a weak field (E, =8.6 kV/cm)
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differ. In both cases rapidly growing PIZs form ahead of the channel up until AST occurs.
In the first case, however, in the characteristic streamer travel time v ~ 2/(vgy % vg) (2
is the characteristic dimension of the PIZ ahead of the channel, vgt is the streamer velocity,
and v, is the electron drift velocity) the density of charged particles in the PIZ manages
to increase appreciably because of ionization in the external field, since the relation

(vt * ve)/(agEouel) << 1 is satisfied. Here and below the upper sign corresponds to the
streamer directed toward the cathode and the lower sign, to the streamer directed toward the
anode. Collision ionization thus occurs effectively both in the intensified field directly
ahead of the channel and in the external electric field. This is especially pronounced on
the cathode side of the channel (see Fig. 3). The channel grows into the PIZ against the
background of a uniform increase in electron density along the entire length of that zone.
The distributions at the cathode and anode ends of the channel differ. The electron avalan-
ches move with approximately the same drift velocities into the PIZ from different sides of
the channel. The avalanche development time in the PIZ is longer on the anode side (1, =
2/(vgt — vg)), however, than on the cathode side (1. = 2/(vgt + vg)). Secondary avalanches
are longer at the anode end of the channel. As a result, the anode front becomes smeared
and the streamer moves more uniformly here than in the cathode direction. For E, = 8.6 kV/cm
the coefficient of collision ionization in an external field is fairly small ({(vg¢ % vg)/
(0qEoue) 2 1) and rapid ionization in the PIZ occurs mainly in the intensified field from the
streamer-channel side. The difference between the electron-density profiles in the streamer
channel from different sides of the channel are smoothed out as the streamer velocity rises,
when vge >> vg.

Calculation shows that the velocity of the anode streamer is higher than the electron
velocity in the intensified field at the ends of the channel. Accordingly, the velocity of
the anode streamer as well as the velocity of the cathode streamer are determined by the sec-
ondary electrons formed ahead of the channel.

The probability of a photon moving a distance R from the channel without being absorbed
is P(R) = fa, exp (—k R)dw (k, is the coefficient of absorption of resonance radiation and ag
is the spectral radiant density). When k,R. << 1 (k, is the coefficient of absorption of
radiation at the center of the line) this probability can be expressed by a simple asympto-
tic formula. For the collision and Doppler mechanisms of broadening, therefore, we obtain
P(R) ~ (ko,R)"C (c > 0.5). We assume that the streamer develops in a cylindrical region with
an x axis and radius R.. The propagation of radiation is considered inside a solid angle
mRZ/R?. The probability of absorption of resonance radiation at a distance R from the chan-
nel in the given solid angle is

By(R) = ((4/3)nRLP (R))/R3 ~ (k,RY™“¥?, (1)

It is convenient to assume that the point R = 0 is the point of maximum field at the end of
the channel. In the coordinate system so chosen the distance R is measured from the point
where E(R = 0) = Ep,4 along the path of each of the streamers. Accordingly, the density of
resonance-excited atoms and the number Nggec(R) of electrons formed as a result of associative
ionization decrease with increasing R. Finally, only one secondary electron can be formed at
a sufficient distance from the channel. The distance at which a single secondary electron
is formed, Rgff, limits the region of secondary ionization ahead of the stream channel
(Nesec(Reff) = 1). In the calculation the appearance of a secondary electron in a volume V
is assumed to be a certain event when Vngee (R) > 1 (here ngee (R) is the secondary-electron
density at a distance R from the channel along the x axis). When Vngec(R) < 1 the electron
creation in the volume V is random and the probability of this process acted satisfactorily
in the calculation. The characteristic volume V was assumed to be (4/3)1RE and Rgff was de-
termined from the x coordinate of the most probable appearance of a single secondary electron.
In the region of secondary ionization Nggec(R) ~P(R). The number of electrons in secondary
avalanches arrives at the head (at the point R = 0) is

R
Nen(R) = N ggec (R)exp I:ﬁ (o (r) dr){{vge fve = 1)]’ (2)
0

It can be shown that even though Nggec(R) is a decreasing function, Ng(R) increases
monotonically as R increases at vgy = const. Thus, the most powerful of the avalanches
arriving at the head, start at the boundary of the secondary-ionization region. The period
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Fig. 5

of rapid change in the number of electrons in the channel in the initial phase of streamer
development corresponds to the period of rapid increase in Rgff. At the same time, large
regions on either side of the channel luminesce uniformly and the PIZs grow. Ionization
occurs farily intensively at the streamer head and directly behind it. The electron density
ben at the head, its luminosity, and Reff and Ep,y as well increase rapidly. As the channel
develops, a larger and larger part of it appears in the region of weak field. The growth of
the total number of electrons slows down. By the time the motion of the channel accelerates
markedly and the derivative 3Rgfs/dt decreases (see Fig. 1). Despite this, the streamer
velocity continues to increase since a fast ionization wave moves along the extended PIZ
(Fig. 3). This acceleration phase is the initial phase in the streamer development. A
gradual decrease in the derivative 3Rgff/dt causes a slight delay in the time to a decrease
in the rate at which the streamer velocity grows. The field at the head increases so much
that (3a/3E)R ~ g. >> (3a/3E)R ~ ,* while directly behind the point of maximum field in the
channel the field strength decreases to E. < E,/(2-4) at a dimension much smaller than R¢
(see Figs. 2 and 3). The dynamics of the streamer motion changes. In fact, the leading part
of the channel undergoes phase transfer because of collision ionization in the intensified
field. The values of Rgff, Neh» Epayx» and vgr remain virtually constant. In this phase of
quasisteady development a monotonic dependence of vgty on Ragf and, therefore, on ng is esta-
blished in the leading part of the channel. It is legitimate here to assume an equilibrium
situation at the head and in the gap ahead of it. 1In a coordinate system moving with the
velocity of the streamer the distribution of excited atoms is described by the equation

t v dn*/3x =neg/Tex— n* (1/1¢ + 1/15¢).

Calculations of the streamer for different values of E;, showed that the electric field
in front of the head increases abruptly to Epay * (2-4)E, at a distance of the order of the
channel radius. When R > 0 we have a(R ~ Rggf)/a(R 2 Re) ~ 107 and tayg << TacTp/(T1ac + Tg).
Behind the head, on the contrary, Teyx >> TacTg/(15¢ + T¢). The density of excited atoms is

R
n* (r) o <;:;‘ ;;c;exp (—r/Ry. (3)

Here the distance r is measured from the head into the chamnel; 1/<tgy> is the average veloc-
ity of collision excitation in the region Rc 2 R > 0 and Ry = vgrTacte/(Tac + Tg) is the re-
laxation parameter. For Ry ~ R; the excited atoms are de-excited mainly in the head. At the
secondary-ionization parameters chosen for the calculation such a situation was realized at
E, € 8 kV/em. In fields E, > 16 kV/cm the region of intensive luminescence smears behind
the head over a length Ry >> R.. This dependence of the luminosity distribution in the chan-
nel on the experimental field was observed experimentally in [1]. Bearing in mind that
nesec(Reff) (4/3) " R2 =~ 1 and vgt/ve >> 1 as well as (1)-(3), we can obtain for the streamer
velocity the equation vgy = S;(Reff)In k.S,(Roff), where ki = (1/<tgyg>) TaTacRe/ (g + Tac)?/vst
is a dimensionless quantity which characterizes the efficiency of the secondary-ionization
processes
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When the structure of the field in front of the head is taken into account, we can easily

show thatReff (3S1/3R)R ~ Reff << S,(Rgff). Moreover, from (1) we have Rgrf ~ (nghk R&)7(c+3)x
k;C. From this we see that the streamer velocity depends weakly on the efficiency of the
secondary processes. It is also obvious that the nature of the last dependence is not speci-
fic to the quasisteady phase.

The processes in the discharge gap are essentially transient in the electron phase.
During the growth of an avalanche in the PIZ there are significant changes in the values of
neghs %, Reff, and vgr. The dependence of vgty on k¢ as well as the duration of the stage as
a function of the external field strength are difficult to analyze for this stage. From the
numerical results it is clear that from the time of the AST the duration of the acceleration
phase is of the order of magnitude of Tzcc ~ TAST ~ 20/(agHeEq).

To check the results we carried out a calculation for E, = 16 kV/cm on a fine, uniform,
immobile net with coordinate intervals h; = 0.1 Ry and h, = 0.25 R, © = 0.1 1. Such cal-
culation requires considerable computer time. The process of streamer development after AST,
therefore, was calculated over a short interval of physical time. Enlargement of the net
led to poorer resolution of the structure of the field at the maxima. The peak values of the
field at the ends of the channel decreased by 357 (as the interval changed from h; to h,).
Such a drop in the maximum values of the electric field, however, has little effect on the
streamer velocity. The profile of the field ahead of the channel and inside it as well as
the streamer velocity varied only slightly (< 157%).

An indeterminacy exists in the choice of the streamer-channel radius and the parameters
responsible for secondary ionization. The value of R, varied within the limits #207, causing
the characteristic times of streamer-channel development to increase or decrease. The veloc-
ity of the streamer in the respective phases varied by no more than 20%. On the whole, how-
ever, the qualitative picture of the development remained the same. Variation of the param-
eters Tge, Ty, and Tgx by an order of magnitude caused the streamer velocity to change by no
more than 507. On the whole, an increase or decrease by *1007 in any of the parameters res-
ponsible for photoionization caused the streamer development time in the acceleration phase
to decrease or increase by ¥407. The streamer velocity in the quasisteady phase in this case
varied by no more than 107. An order-of-magnitude variation of any of the photoionization
parameters led to a corresponding change in the streamer velocity of the last phase by a fac-
tor of 1.4-1.7. These results support the conclusion above that the efficiency of secondary
ionization has a weak effect on the streamer characterization.

As the streamer channel develops, its conductivity increases, and the time interval ne-
cessary for the calculation is reduced. Extension of the streamer calculation to the quasi-
steady stage of development at given physical parameters requires considerable computer time.
A mathematical simulation of a streamer with gas parameters 15, = 107% sec and 1y = 1078 sec
for E; = 40 kV/em and 8 = 2:107* cm®/sec. The recombination coefficient B has been artific-
ially overestimated. As a result, the electron density in the channel becomes saturated
earlier and at lower values of ng. The aim of the calculation was to trace the streamer
development in the quasisteady state and to demonstrate more graphically the assertions above
about the streamer development reaching a quasisteady regime. The pattern of luminosity iso-
lines obtained is shown in Fig. 5. From it we see that Rgoff decreases slightly by the end
of the acceleration phase. In the quasisteady phase the characteristic growth time Reff and
Vgt increase by an order of magnitude in comparison with the corresponding times in the acce-
leration phase. From this we can easily understand the assumption that the streamer velocity
is constant in a long discharge gap (e.g., [3]). Since the characteristic times of variation
of the streamer parameters in the quasisteady phase are substantially longer than the second-
ary-avalanche development times, the dependence of vgy on Rgff becomes monotonic.
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In the initial stage of streamer development the time taken for a secondary avalanche
to form ahead of the channel is considerably longer than the characteristic time of variation
of Reff, Vgts, and other parameters of the process. This delay in the development of the
streamer channel relative to the appearance of secondary electrons on the discharge axis
(1 ~ Reff/vge) is disregarded in most a priori streamer models [7, 8, 17]. Such models are
suitable for describing a streamer discharge only in very large discharge gaps.

In some gases the cross section for associative ionization is extremely small or this
process is absent altogether. In such gases other mechanisms of secondary ionization (e.g.,
photoionization of various impurities, direct photoionization), which involve excitation of
gas atoms and then their deexcitation, operate during streamer development. All of these
processes are described by equations of the same form as used in this paper. Since the de-
pendence of the streamer dynamics on the secondary-ionization parameters is weak and their
variation does not cause significant changes in the nature of the channel motion, the re-
sults of our calculations for neon and, therefore, the conclusions made above can be general-
ized qualitatively to other gases as well.
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