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The results of numerical simulations of the propagation of a negative streamer in nitrogen in the uniform and
strongly non-uniform electric fields are presented. It is shown that the propagation velocity of the streamer in a non-
uniform electric field is always higher than its velocity in an uniform field at given voltages on electrodes. It is
shown that as the needle radius decreases, the velocity of the streamer increases. The growth of streamer velocity,
with decrease of the needle radius, is stopped when the needle curvature radius reaches a certain critical size. It is
shown that in the region of the strong nonlinearity, when the streamer dynamics is determined by the charge of the
streamer head, its velocity as a function of the longitudinal coordinate is independent of the needle radius. It is

shown that the velocity of the streamer increases with growth of the applied voltage.

PACS: 52.80.Mg, 52.80.Tn

INTRODUCTION

Papers [1 - 5] are devoted to the numerical modeling
of the negative streamer in nitrogen within the drift -
diffusion approximation. In these works, with the ex-
ception of [5], the regular nonadaptive meshes to solve
the continuity and Poisson equations are used. Streamer
is a nonlinear structure with a sharp edge. Therefore, for
its correct resolution in numerical simulations the expo-
nential representation for the current density in the drift-
diffusion approximation - the Scharfetter-Gummel algo-
rithm [6], or numerical schemes with adaptation of a
regular grid [5] were used. Regular meshes, as opposed
to irregular grids, which are used in the finite element
method, can not accurately describe the arbitrary
boundaries of complex shape, such as the needle - to -
plane. Therefore, the finite element method was used in
our simulations.

The computer simulations of the negative (anode -
directed) streamers in nitrogen in the uniform (plane - to
- plane geometry) and non-uniform (needle - to - plane
geometry) fields are presented in [7, 8]. The effect of
the needle radius on the negative streamer speed has
been studied just for one electrode potential. It has been
shown that the velocity of the negative streamer in a
nonuniform electric field is higher than its velocity in a
uniform field. It has been shown that as the radius of the
needle decreases, the streamer velocity increases.

The results of numerical simulations of negative
streamer dynamics in nitrogen, using the finite element
method (SUPG, CWDPG), are presented below. The
computer simulations were performed for uniform and
non-uniform electric fields. The effect of applied volt-
ages at different radii of the needle on the streamer
speed is investigated.

1. MODEL

The set of equations describing the propagation of
the negative (anode - directed) streamer in nitrogen is:
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where 1, n, are the number densities for electrons and
positive ions, £, (i are the electron and ion mobili-
ties, D,, D, are the diffusion coefficients for electrons
and ions. V' is the potential of electric field, e is the
electron charge, &, is the permittivity of free space. S i

is the rate of charged particle generation due to colli-
sional ionization:

S =nu |E|a, exp(— E /|E ) “4)

where ¢, is the ionization coefficient, £, is the
threshold field for impact ionization. In the right hand
sides of equations (1) and (2) other sources and sinks of
charged particles, such as, photoionization and recom-
bination, were not included. These sources and sinks are
negligible, compared to the impact ionization, for pure
nitrogen on the simulation time (streamer propagation
time through the discharge gap).

Expression (4) allows the introduction of a set of natu-
ral scales: spatial scale /[ =1/, , electric field scale E o

velocity scale v = w4 E,, time scale ¢, =1 /v, diffusion
scale D, =17 /¢, and density scale n, = &, - E, /(e-1).

For nitrogen, under normal conditions,
E, =197600 V/cm, o, =4332 cm’', g, =460 cm’V's".

Passing in (1) - (3) to dimensionless variables ¥ = 7 /1,
t=t/t,n,=n,/n,n =n./n, the following equa-

tions can be obtained:
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Ions in (6) are further considered as immovable,
since their mobility is several orders of magnitude
smaller than the electron mobility, which allows ne-
glecting their displacement for the simulation time.

Fig. 1 shows the simulation domain, example of
mesh for solution of (5) - (7) and the boundary condi-
tions. Initially electrons and ions are located at the cath-

ode with number densities: n, =n, =5 - exp(— P/ 0),
0 =10", o-=100. The potential of the anode changed in
simulations: V, = {96, 128, 160, 192}, which corre-

sponds for the plane - to - plane geometry approxi-
mately to {74.1, 98.8, 123.5, 148.2} kVem™. Dimen-
sionless diffusion coefficient is D = 0.1, which corre-
sponds to 1800 cm’s”. The other parameters are:

L =256, L = 128, H = 40, needle radius is one of
R ={20, 40, 80, inf}. R = inf means uniform electric
fields, or plane - to - plane simulation domain. For the
plane - to - plane computation domain R+ H, ,=0.

Fig. 1. Simulation domain and boundary conditions
2. SIMULATION RESULTS

Figs. 2, 3 show, for example, the computer simula-
tion results of the avalanche - to - streamer transition,
and the propagation of negative streamer through the
discharge gap with the uniform (left column) and non -
uniform (right column) electric fields. R = 20.

Vo= 128. Fig. 2 shows distribution of the space charge
density p(r,z;t) in {r,z} at different times. Fig.3
presents the distribution of the absolute value of the
electric field |§(r,z;t)| at the same time points. The

time points are chosen so that the streamer in the uni-
form and non-uniform field advanced the same distance.
For the uniform field these time points are £ = {115,
175, 200}, and for the non-uniform field these time
points are = {50, 100, 125}.

As can be seen from Figs. 2 and 3, in the inhomoge-
neous field the streamer has a larger transverse dimen-
sion, higher speed and smaller forming time. In both
cases, the electric field is enhanced in front of the
streamer head, and weakened behind it.
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Fig. 2 Space éharge density p(r.,z;i).
Left column - uniform electric field.
Right column - non - uniform electric field
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Fig. 3. Absolute value of the electric field |§(r,z;t)| .
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Left column - uniform electric field.
Right column - non - uniform electric field
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Fig. 4 shows the absolute value of the electric field
|E(r=0,z;¢)] , and the space charge density
p(r=0,z;¢) on the axis depending on the longitudinal
coordinate z at different time points ¢ = [0,130] with
the step df =5. R, =20 and V|, = 128. As can be seen

from Fig. 4, the vacuum (Laplacian) electric field of the
needle is quickly screened by the streamer. The electric
field | e(r =0, z;¢) |, as well as the space charge density

p(r=0,z;t) , changes weakly when the streamer

moves through the discharge gap. When the streamer
head approaches the anode, this increases the local elec-
tric field in front of the streamer head, and leads to the
growing collisional ionization rate. This increases the
densities of charged particles and the space charge den-
sity p(r =0,z;¢). It can be seen that the head of the

negative streamer, as it moves towards the anode, is

compressed in the longitudinal direction.
Electric field norm; t=[0,130; dt=5]

Electric field norm

z
Space charge density; t=[0,130; dt=5]
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Fig. 4. Electric field | €(r = 0,z;t)| and space charge
density p(r =0,z;t) on the axis at different times

Fig. 5 (left column) shows the z-coordinates of the
maximum of the electric field |£(r=0,z;¢) ™ on the
axis as the function of time for different values of the
needle radii R, = {20, 40, 80, inf}, and the anode po-
tentials V= {96, 128, 160, 192}. R = inf means uni-

form electric fields, or plane - to - plane computational
domain. Fig.5 (right column) shows the velocity of

|E(r=0,z;t)[™ versus time, which is the negative

streamer propagation velocity through the discharge gap
- V.. As seen from Fig. 5, the streamer velocity in-

creases as the needle radius decreases. This increase in
the velocity goes up to a certain radius (R, ~ 40), after
which the growth of streamer speed is cut off. As can be
seen from Fig. 5, the behavior of streamer velocity V|

as a function of time has four characteristic regions: (1)
the sharp drop at the beginning of the movement, (2) the
motion with a nearly constant velocity, (3) the region of
the first (low) acceleration, and (4) the region of the
second (strong) acceleration.
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Fig. 5. Negative streamer dynamics for different radii of
the needle Rn ={20, 40,80, inf} and different applied

voltages V;, = {96, 128, 160, 192}. Left - z-coordinate
of the maximum of the electric field
| E(r=0,z;t) |™ on the axis versus time.

Right - streamer velocity V (t) versus time

For a plane - to - plane geometry, (1) and (2) repre-
sent the initial stage of an electron avalanche develop-
ment, when the space charge is small, and the external
electric field is not distorted by the space charge. The
region (3) corresponds to the nonlinear stage of streamer
propagation, when the magnitude of the space charge is
significantly different from zero, and the external elec-
tric field is significantly distorted. The region (4) corre-
sponds to the approach of the streamer to the anode, and
to its exit through the anode from the simulation domain.
Solution of the linearized equations (5) - (7) in one di-
mension, for the velocity of the ionization wave can be
presented by:

V, =le|+ 2\/D|go|exp(— 1 /|80|) , (®)

where &, is the external electric field, D is the diffu-

sion coefficient. V, is shown in Fig. 5 by a straight line.
Fig. 5 shows that after a rather rapid transition process
(region (1)) the streamer velocity V_ approaches the

N

asymptotic velocity ¥, (region (2)), which corresponds

to the linear stage of the avalanche development.

In the case of non - uniform fields, the region (2) can
not be identified as the linear stage of the avalanche
development, because the effect of space charge appears
much earlier. This follows directly from the analysis of
potential distribution on the axis, which differs signifi-
cantly from the vacuum potential distribution in the re-
gion (2) for each of the needle radii R, = {20, 40, 80}

and applied voltages V, = {96, 128, 160, 192}. Assum-

ing that the speed of the streamer is determined by the
electric field in the front of its head, it follows from the
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max

simulations that | £(r =0,z;¢) |

| £(r=0,z;¢) ™ in the region (2):

= const , and for

VO R <’ E ’max> VaE
Rn

96 R =20,40,80 0.78 1.074

128 R =20,40,80 1.2 1.657

160 R =20,40,80 1.53 2.094

192 R =20,40,80 1.88 2.545

In the table, <| g |maX>R is the averaged over the

n

needle radii electric field in the region (2), where the
electric field | £(7 = 0,z;¢) |™ and the speed of the
streamer are slightly changed with time,

=) 42|nlg
R

n

1

max &™
> e < >R” )
R

n

e = (e

The velocity VaE is shown in Fig. 5. As can be seen

from Fig. 5, the negative streamer speed is well de-
scribed by the expression (9).

Fig. 6 shows the velocity of the negative streamer
V. versus longitudinal coordinate z. It is seen that in the
strong non-linearity regions (regions (3), and (4)) the
speed of the streamer V| as a function of longitudinal

coordinate z is independent from the needle radius R, .

This can be explained by the screening of electric field
of the needle by the space charge of the streamer.
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Fig. 6. Velocity of the negative streamer V_ versus

longitudinal coordinate z for different needle radii
R, ={20, 40, 80, inf}, and different applied voltages

V, = {96, 128}

Fig. 7 shows the streamer velocity V, , for different
applied voltages V= {96, 128, 160, 192} with the con-
stant needle radius Rn = {20, 40, 80, inf}. It is seen that

as the applied voltage increases, the streamer velocity
also increases.

Fig. 8 shows the streamer mean velocity <V, > as
a function of the needle radius R, ={20, 40, 80} for
different applied voltages V= {96, 128, 160, 192}.
Mean velocity is defined as <V, >=L_/r,, where L, is
the discharge gap length, 7, is the passage time of the

streamer through the discharge gap. It can be seen that
the <V > increases as R, decreases at [ =const.
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Fig. 7. Negative streamer dynamics for different applied
voltages Vi, = {96, 128, 160, 192} and different radii

of the needle R, ={20, 40, 80, inf}. Streamer velocity
V.(t) versus time
Starting from some R , the growth of streamer

speed stops. It is also seen that <V > increases with

<Vg>
3 oo mV0=192
5 Vo=160
Vo=128
1 V0=96
40 80 p.

Fig. 8. The dependence of the negative streamer aver-
age speed <V > on the radius of the needle R, for

different applied voltages V|, = {96, 128, 160, 192}.
R, = {20, 40, 80}

Fig. 9 shows the streamer mean velocity <V, > as a
function of the applied voltages V,={96, 128, 160, 192}
for different needle radii Rn ={20, 40, 80, inf}. It can be
seen that the <V, > increases linearly with applied

voltage V. It is seen also that the mean streamer veloc-
ity <V, > starting from certain R, does not depend
on the needle radius R, .
<Vg>
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Fig. 9. The dependence of the negative streamer
average speed <V _> on the applied voltage

Vo = {96, 128, 160, 192} for different radii
of the needle R, ={20, 40, 80}
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CONCLUSIONS

The results of numerical simulations of the propaga-
tion of the negative streamer in nitrogen in the uniform
and strongly non-uniform electric fields were presented.
Computer simulations were performed by finite element
method, which allows to accurately describe the
boundaries of complicated shape. Simulations were
done for different voltages, and for different radii of the
needles.

It was shown that the velocity of streamer propaga-
tion in the non - uniform electric field is always higher
than the velocity of streamer propagation in the uniform
field at given voltages on the electrodes.

It was shown that the behavior of streamer velocity
versus time has four specific regions: (1) the sharp drop
at the beginning of the movement, (2) the propagation
with a constant velocity, (3) the region of the first (low)
acceleration, and (4) the area of the second (strong) ac-
celeration when the streamer head approaches the an-
ode.

It was shown that as the needle radius decreases, the
velocity of the streamer increases. The growth of
streamer velocity, with decreasing needle radius, is
stopped when the needle curvature radius reaches a cer-
tain critical size.

It was shown that in the region of strong nonlinear-
ity, namely, in the space charge dominated region, the
streamer velocity as the function of longitudinal coordi-
nate is independent from the needle radius. It was
shown that the streamer velocity increases with growth
of the applied voltage.

. V.I. Golota,
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YUCJIEHHOE MOAEJINPOBAHUE OTPUIATEJIbBHBIX CTPUMEPOB B CUJIBHbIX
HEOJHOPO/JHBIX SJIEKTPUYECKHUX ITOJISIX B A3SOTE. BJIMSIHUE PAINYCA UTI'JIbI
U MPRJIOKEHHOTI'O HAITPSI)KEHUSI HA CKOPOCTHb CTPUMEPA

O.B. Manyiinenxo, B.H. I'onoma

IIpuBeneHsl pe3yabTaThl YUCICHHOTO MOAEIMPOBAHUS PACIPOCTPAHEHUS OTPULATEIBHOTO CTPUMEPA B a30Te B
OJHOPOJHBIX U CHJIBHO HEOJHOPOAHBIX AIEKTPUYECKHUX NONAX. [Toka3aHo, 4YTO CKOPOCTh pacpOCTPaHEHUS CTpUME-
pa B HEOTHOPOJHOM IIOJIE BCerga OOJbIIEe ero CKOPOCTH B OZHOPOJHOM IIOJIe TIPY OJMHAKOBHIX MOTEHIMAJaxX Ha
anekrponax. IlokasaHo, 94TO MpH YMEHBIICHUH Pajiyca Wl CKOPOCTh CTpPUMEpa YBEIHMYUBACTCS MPH 3aJaHHOM
HaNpsDKEHUH Ha ANIEKTpoaax. PocT ckopocTu cTpuMepa, ¢ YMEHBIICHHEM paluyca WUIJIbl, MpeKpaliaeTcs, Koraa pa-
JINyC KPUBH3HBI UIJIBI IOCTUTAeT HEKOTOPOTO KpUTHYECKOTo pa3Mepa. [Tokazano, 4To B 001aCTH CHIIBHON HETTMHEN-
HOCTH, KOTJa AWHAMHKA PACIpPOCTPAHEHHUS CTPUMEpa ONpEeHeNsieTcs ero 0OObEMHBIM 3apsAaoM, €ro CKOpOCTh, KaK
(YHKIMS ITPOIOJILHOM KOOPIMHATHI HE 3aBUCUT OT pajauyca Uribl. [loka3aHo, 4To CKOPOCTh CTPUMEpPA BO3pPACTaeT C
POCTOM HanpspKEHUS, MPUII0KEHHOTO K AJIEKTPOAAM.

YHUCJIOBE MOJEJTIOBAHHSI HETATUBHUX CTPUMEPIB Y CHJIbHUX HEOJTHOPITHUX
EJIEKTPUYHMUX I1OJISIX B A3OTI. BIIVIUB PATIYCA I'OJIKH I IPUKJIAZTEHOI HAITPYTU
HA IIBUJKICTb CTPUMEPA

O.B. Manyiinenko, B.1. I'onoma

HaBeneHo pe3ysibraTd YHCIOBOIO MOJICIIOBAHHS MOIIMPEHHS HEraTUBHOTO CTpUMeEpa B a30Ti B OJHOPIAHUX i
CHJIbHO HEOJHOPIIHHUX ENEKTPHUYHHUX NOsX. [loKa3aHo, M0 MIBHIKICTH MOLIMPEHHSI CTPUMEpPA B HEOJHOPIAHOMY
TIOJTi 3aBKIH OLTBINA HOTO MIBUAKOCTI B OHOPIAHOMY TIOJI TIPH OJTHAKOBHX ITOTEHIliaJIaX Ha eNekTponax. IlokaszaHo,
II0 TIPY 3MEHIIEHH] pajiyca TOJIKH MIBUAKICTH CTpUMepa 30UTbIIYEThCS MTPH 3a1aHii HAIllpy3i Ha eNeKTpoAax. 3poc-
TaHHS MIBUAKOCTI CTPUMEPA, 13 3MEHIICHHIM pajiiyca roJIKH, NPUIHHAETHCS, KOJIU PajiilyC KPUBU3HU TOJIKH JI0CATAE
JIESIKOTO KPUTHYIHOTO po3mipy. Ilokazano, 1m0 B 067acTi CHIIBHOI HENiHIIHOCTI, KOJM IWHAMIKA MOIIUPEHHS CTPH-
Mepa BHU3HAYaETHCS HOro 00'€eMHUM 3apsiioM, HOTO IBHUJIKICTb, SIK (DYHKIS TT0310BXHBOT KOOPAWHATH HE 3aJIEKHUTh
BiJ paaiyca ronku. [Toka3aHo, 10 MBUIKICTh CTPUMEPA 3pOCTAE 3 POCTOM HAIPYTH, 10 MPUKIAJCHA 10 CICKTPOIIB.
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