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CURRENT FLOW DYNAMICS IN PLASMA OPENING SWITCH
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The electromagnetic fields and processes of current flow in the plasma channel of the plasma opening switch
were considered in the electron hydrodynamics approximation. Taking into account the nature and features of the
current flow through the plasma filled region of plasma opening switch allowed to obtain the structure of the current
channel and its dynamics along the plasma. The current flow is a wave process. When this wave reaches the bound-
ary of plasma it seems to be the break of current at this moment. The criterion of this break is obtained.

PACS: 52.75.—d, 94.20.wc

INTRODUCTION

Plasma opening switch (POS) is a plasma device
that provides the current interruption in a time small
compared to the characteristic time of electrical circuit.
This time can range from nanoseconds to microseconds,
depending on the parameters of the installation. High
power currents can interrupt by such switches at high
voltages. POS is used to filter pre-pulses, sharpen the
diode power, increase the energy characteristics of rela-
tivistic electron beams, and so on. Despite decades of
using POS, their experimental and theoretical studies [1-
7], the essence of the processes in them remains not
enough clear.

The physical processes in the plasma of POS are the
subject of this theoretical study. POS for nanosecond
high voltage pulses typically is coaxial inductive energy
storage (IES) with plasma and microsecond current
pulse passes through this plasma region. The process is
organized according to the criterion that at the moment
of maximum current its circuit is opened and a high
voltage pulse appears at the plasma boundary.

The set of experimental results and theoretical esti-
mates shows that the plasma channel in the IES has a
resistance of Z, ~0.01 Q. This means that voltage on

the plasma channel (I -Z p) can be only about 1kV

even at the maximum current (/,, =100 kA) in the

primary circuit. Thus, the plasma of the POS together
with the electrodes of IES is a coaxial plasma diode,
through which a huge current is passed at a relatively
low voltage (less than 1kV ) on it. So, POS is a current

device in which the main electrodynamic processes are
related to the current. Such a peculiarity is taken into
account in our study. Taking into account the nature and
features of the current flow through the plasma filled
region of POS allowed to obtain the structure of the
current channel (distribution of current density and
electromagnetic fields) and its dynamics along the
plasma.

MODEL DESCRIPTION

The expression for the current density passing
through such a diode can be found from the equations of
electron hydrodynamics
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In equations (1)-(5) the traditional notations are

used.
First of all equation (1) is considered. In (1) the fre-
quency of electronic collisions is [8]:
n
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where 7, is the temperature of the electrons (eV). For
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the frequency of electronic collisions we have
v,>10"s" at T, ~4..7 eV and n>10"m™.

The terms with derivatives in equation (1) are pro-
portional to the frequency of current oscillations
( =T ) in the primary circuit of the POS with period
T ~ 6 mks. This means that they are much smaller than

others, so the components with derivatives in equation
(1) can be neglected and it takes the form:
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where E,.-, E.-, Hj-components of the electromagnetic

field, generally speaking, can occur in the plasma chan-
nel. However, based on the large length of the coaxial
electrodes, further it is assumed that the plasma has only
E,-component of the electric field. Then, from equation

(1a), expressions for v, and v, can be obtained:
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and u, =47-107 Hn/m.
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Ohm's law for the current density through the
plasma can be obtained by multiplying equations (7)
and (8) by the product (en) :

. c
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Substitution of (6) and (11) in (10) leads to the fol-
lowing result:

o, ~10°T2, (10a)

where [Te]zeV, [00]:L. Conductivity o, is pro-
m-s

portional Te% , as the electrons deceleration due to colli-

sions decreases with the increase of their temperature.
According to (7a) the current density is determined

by the plasma conductivity o, when the current values

provide the conditions (@, /v, <1. When @, /v, >1

plasma conductivity decreases due to plasma magnetiza-
tion. According to estimations the plasma density

n~2-10°m™ provides its conductivity through the
electronic channel up to the current I1~10°A. At

plasma densities 7 ~10%...10” m™ the current trans-

port without magnetic field restrictions is possible only
up to values of 0.1...10 kA.

Next we will proceed from the nature and features of
the current flow through the plasma of the POS. After
operation of the gas discharger the primary circuit is
closed through plasma by current channels located at
different distances along axis z. The current channels
closer to the capacitor bank form circuits with lower
inductance and, accordingly, lower inductive resistance.
Therefore, the main current channel will occur in the
plasma at the boundary (z = 0) closest to the capacitor

bank. This self-consistent process is considered based
on equation (7a). Let's write it in the form:
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[ -the length of plasma along z-axis. Hereinafter, the
current density is considered at the boundary of the
central electrode, where the current is divided into com-
ponents — the current through the plasma and the current
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along the central electrode. The integral of the dimen-
sionless current density corresponds to the part of the
current that flow into the plasma starting from its
boundary close to the capacitor bank (z=0) and up to
the z-coordinate. At this point the magnetic field is
created by the current that reaches it along the central
electrode, i.e. the difference between the total current
and the current that flows into the plasma on the dis-
tance from its beginning (z = 0) to point z. We have

formula (9) for @, in which the magnetic field is taken
in the form H,, = 1(z)/(27m,), where I(t) is the total

current of the primary circuit of the POS, 7, — the radius
of the central electrode of the IES.

STRUCTURE OF THE CURRENT FLOW

One can obtain using (6) and (9):
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The following differential equation can be written
from (12) after change j, = ZI_? , where ¢ =z/I
dv_ a
d¢ 1+b[l-wf

The explicit form of a is found by the solution of
equations (1)-(5) for E.. This gives an opportunity to

(14)

obtain profile of current channel and its movement
along the z-axis. At this stage the estimation

I\t)-Z . .
E = () %”z"’l) will be applied.

The solution of equation (14) under the boundary
condition w| r0= 0 is

(15)

w is the total current if £ =" = %,i.e. w|§:§, =1.

The condition for the total current through the
plasma is obtained from (15):

w-2(1-wf =ag -2,

1=a§'—§. (16)

The largest current that can be flowed through the
POS' plasma is obtained in the case when the current
flow extends to the entire length of the plasma, i.e.
when ¢'=1. The condition for the maximum current

I that can be transmitted by the POS' plasma, can be

max

received from (16) given the values of ¢ and b :
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Dependence (17) is shown in Figs. 1 and 2 under the
parameters that represent usual experimental conditions.
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Fig. 1. The dependence of the maximum current that
can transmit by POS' plasma on the plasma density.
T,=4eV, Z,=001€0 =004 m and r, =0.1m,
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Fig. 2. The dependence of the maximum current that
can transmit by POS' plasma on the plasma length.
T,=4eV, Z,=0.010Q r,=0.04m, and r, =0.1m,

n=10"m"
Equation (12) gives the distribution of the radial cur-
rent density j, (z) along the plasma. The dynamics of
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the current channel is demonstrated by current density
distribution for four serial time points in Fig. 3 The
dependence of the current of the POS' primary circuit,
which flows through the plasma, was taken in the form

1(t)=1,,, sin(z?ﬂ t) to calculate the j, (z)
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Fig. 3. Distribution of radial current density along
the plasma and the dynamics of the current channel
with POS' total current increase:

t=Tf=0375us(1, =217 kd),
t =T =075 s (1, =40.1 kA),
3T =1125 s (1, = 52.4 kd)

to =1/, =1.5us(1, =567 kA).

t; =

The calculations that were made within the assump-
tions discussed above and are presented in Fig. 3 allow
us to conclude that the current channel occupies only
part of the plasma. The boundary of the current flow, far
from the capacitor bank, moves along z-axis with in-
creasing of total current in the POS' primary circuit.
Thus, the current flow through the plasma is a kind of
wave process, which is cased by the redistribution of the
magnetic field and the change in the magnetization of
the plasma. Indeed, the electrons in the current channel
at the boundary of the plasma close to the capacitor
bank (z=0) are magnetized with current increase. This

leads to a decrease of the current density in accordance
with the magnetic field. The magnetic field decreases
from the maximum at the boundary of the current chan-
nel close to the capacitor bank (z =0) to zero at the far
one (z=2').

Accordingly, the current density (12) will increase
from the minimum value at the close boundary, reach a

maximum at the far boundary of the flow and fall
sharply to zero on it. The integral of the current density

within these limits will be equal to one J']_'rdz =1. The
0

magnetization limitation of the current channel causes it
to expand in the direction of the far boundary of the
plasma. The current density at the beginning of the flow
(z=0) decreases and at the end (z=2z') increases. In

general, the process under consideration is the propaga-
tion of a current density wave with velocity

DYNAMICS OF EM-FIELDS

In this study the possibility of the wave nature of the
current flow was analyzed based on the equations of
electron hydrodynamics (1)-(5).

Equations for electromagnetic fields occuring in
POS' plasma during electron current flow were solved
together with expressions (7), (8) for electron velocities
and expressions (7a), (8a) for electron current density.
From equations (3), (4) one can obtain for £, and H,,:
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Whence, the equation for #,, is received taking into
account (7a), (8a) for j. and j_, after excluding the
ratio E,/(v. + ;) , the differentiation of the result by
z and the substitution of the derivative 0E,/0z from
(14):
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where Q=w,/v,, {=z/I, p=rin, tv=ct/l,

c=cleu, c=1/ Jgu, -

The method of variables separation can be used to
rewrite equations (20), (21):

H,(p.¢,7)=H,(5,7)H,(p),

Er(p,g,T)=El (gsT)Ez(p)a (22)
that gives
1 1
Ez(p):BHz(p): (23)
P
pD(l + ln}
Pi
and wave equation for H,(¢,7)
2 2
h._oa, (4)
or o¢

where D is the constant of separation.

The general solution of equation (24) in the class of
trigonometric functions can be obtained by the method
of separation of variables. Then, based on this solution,
the description of the motion of any initial and boundary
profile along the z-axis can be received according to the
well known procedure. This is wave propagation. Func-
tions describing a wave moving in the positive direction
of the z-axis depend on the argument (£ —7), i.e.

H(¢.71)=1(¢-7). (25)
Equation (20) with dimensionless arguments ¢ and
7 is taken the form:

OH
%, _ T (202)
oc ot

were y = c\/Z . By substituting expressions (22), (23),
£

(25) in (20a) one can obtain E,(¢,7)= yDH,(¢,7) and,
as aresult,

E . =xH,. (26)

The preliminary approximation (14) gave us a wave

of current density, in front of which no current flowed.

The magnetic field in such a wave goes down to zero at

the front of this wave (z=z') together with the current

flowing along the central electrode. Indeed, as it follows
from equation (26) the electric field in the radial direc-
tion is also zeroed at zero magnetic field. The absence
of an electric field in front of the wave is agreed with
the absence of current in this part of the POS' plasma.

In this consideration the zero electric field is ob-
tained for the plasma in front of the current wave (cur-
rent loop) in the presence of electric potential at the
electrodes. There is no contradiction in this, because the
near-electrode layers of space charge were not taken
into account, but namely on them all the electric poten-
tial applied to the interelectrode gap can drop. It was
sufficient for this analysis to obtain solutions only for
the plasma region.

CONCLUSIONS

The executed research allows us to conclude that the
current flow through the POS' plasma occurs as the
propagation of wave structure through it. This structure
formed by the current density ;. and self-consistent
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fields E, and H,. We consider that the current inter-

ruption can be realized in IES with POS and cause
overvoltage between electrodes when the wave reaches
the far boundary (z=1/) of the plasma and some elec-

trons are ejected from it. It is assumed that strong dis-
turbance of the wave structure is made at this moment.
This disturbance triggers a mechanism of instability,
which leads to a sharp decrease of radial current.

The distribution of the dimensionless radial current
density along the plasma, calculated from equation (12),
is shown in Fig. 4 for the moment when the current
channel expands to the boundaries of POS' plasma
(z/=1). Also there is a dependence of the current that

passed through the plasma from its beginning at z=0
to the point z U jrdzj. It can be noted that a signifi-
0

cant part of the current flows in the magnetized region
of the plasma behind the wave structure, where the
current density is in orders of magnitude less than at the
wave front. In most experiments, there is a decrease in
current by approximately 30% when the current inter-
ruption occurs. It can be assumed according to Fig. 4
that the instability caused by the wave reaching the
boundary of the plasma (z’ =/ ), leads to the destruction

of the wave structure and the loss of the current related
to it.

1 .
1o
0,5 1
fi.dz
_/
O T T T
0 5 10 15 20 /, cm

Fig. 4. Distribution of the radial current density along
the plasma and the current that flow through it from its

beginning (z = O) to the point z , n=10" m™>,

T,=4¢eV, Z,=0010Q =004 m, r,=0.1m,
z'=1=02m,T=6us

Thus, the model of physical processes can be repre-
sented as follows: the current flow in the electric circuit
of the POS is accompanied by the propagation of wave
of current density and fields along the plasma; current
interruption occurs when the wave reaches the boundary
of the plasma. So, two scenarios of POS functioning can
consider: (1) current interruption occurs at the front of
the total current pulse in the case when the parameters
of the primary electrical circuit of the POS and the
amount of energy stored in the capacitor bank can pro-
vide the amplitude of current fluctuations 7,

(2 L .
(1 =1, sm[TﬂtD in circuit greater than the maximum

current [/

max
1,21 (2) current interruption does not occur when

9

that can flow through the plasma —

max



the wave does not reach the boundary of the plasma, i.e.
when the maximum current amplitude /, does not

exceed the current [/

max

that can flow through the

plasma.

A set of parameters can be considered optimal when
it ensures the equality of the maximum possible current
1, of the electric circuit of the POS and the maximum

current /

max
1,=1 Then the interruption will occur at the mo-

that can pass through the POS’ plasma —

ment (tz%) when the maximum share of energy

stored in the capacitor bank is converted into the energy
of the magnetic field of the current.

The solutions of the problems for fields, current, and
electron motion made it possible to formulate a set of
processes in the POS' plasma from the moment of high-
voltage gas discharger closure to the current interruption
in the POS circuit. The current starts to flow at the
boundary of the plasma (z = O) close to the capacitor

bank, and even at relatively small values (~100 A) leads
to magnetization of electrons in the current channel. As
a result, the current channel expands along z-axis and
takes a structure inhomogeneous in relation to current
density. This is caused by the decrease of the magnetic
field in the middle of the channel from the maximum
value at the boundary close to the current source to zero
at the far boundary (z = z’). Accordingly, the current
density has a maximum value at the boundary with zero
magnetic field. This wave structure propagates along the
plasma with increasing of total current. When the wave
reaches its far boundary (z=1), the electrons of the
current channel are partially ejected outside the plasma.
This process causes instability, which destroys the

waveform of the channel structure. In this case, the
current loses the share that flows through the high cur-
rent density region which directly borders to the bound-
ary of the plasma.
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JUHAMUKA ITPOTEKAHUSA TOKA B IINTASMEHHOM KOMMYTATOPE TOKA
O.B. Manyiinenxo, . H. Onuwenxo, A.B. Ilawenko, H.A. Ilawenko, B.b. IOgepos

MeroaaMu 3JIEKTPOHHOM THAPOAMHAMUKY OBUIM PACCMOTPEHBI IPOILECCH MIEPEHOCca TOKA U AJIEKTPOMAarHUTHbIE
TOJISL B TUTA3MEHHOHN IEepEeMBIYKe TUIA3MEHHOTO KOMMYTAaTopa TOKa. YUeT Xapakrepa U 0COOSHHOCTEeW MpOTeKaHUs
TOKa MO IJIa3MEHHOU MepeMbIuKe MO3BOIII MOTYYUTh CTPYKTYPY KaHaja TOKa U ero JUHaAMUKY Baojb Hee. [Ipore-
KaHHME TOKa IpeJCTaBIsAeT co0O0H BONHOBOHU mpolecc. Pa3MmplkaHne TOKa CBSA3aHO C JOCTIXKEHHEM 3TOH BOJHOM
TpaHUIIbI I1a3MEHHON niepeMbluky. [lomydeH kputepuil pa3sMbIKaHUS TOKA.

JUHAMIKA ITPOTIKAHHS CTPYMY B IIVIASMOBOMY KOMYTATOPI CTPYMY
0.B. Manyiinenko, I M. Oniwenxo, A.B. Ilawenko, 1. A. Ilawenxo, B.b. IO¢pepos

MeroaaMu eneKTPOHHOI TiAPOJMHAMIKY OyiH PO3TJISTHYTI MPOIECH IIEPEHOCY CTPYMY Ta eIEKTPOMArHiTHI MOJs
B IUIa3MOBIH MepeMuUlli MIa3MOBOIO KOMYyTaTopa CTpyMy. BpaxyBaHHsS XapakTepy Ta OCOOJIMBOCTEH MPOTiKaHHS
CTpYMY IO TJIa3MOBil NIEpEMUUIll JO3BOJIMIO OTPUMATU CTPYKTYPY KaHaIly CTpyMY Ta HOro IMHaMiKy B3ZOBX Hel.
[porikaHHs cTpyMy sIBJIsiE COOOI0 XBUIILOBUI Iporec. Po3MHUKaHHS CTpYMY IOB’si3aHe 3 JIOCSTHEHHSM L€ XBH-
JIEF0 TPaHUIIl I1a3MOBOI nepeMudkd. OTpUMaHO KPUTEPi pO3MHUKAHHS CTPYMY.
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