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'1 . A coaxial discharge system was used to study the steady-state and
transient behaviour of abnormal glow discharges in a He:SFg gas mixture in

« transverse magnetic fields. The steady=state current characteristics were mea-

sured for current densities up to A/ cm? and magnetic field intensities up to

1.2 Tesla. At current densities of 1 A/cm? and an interelectrode distance of

' 2 cm, the discharge voltage was found to increase with a rate of 2 kV/Tesla,

corresponding to an increase of electric field intensity of 1 kV/Tesla/cm.

The transient behaviour of the discharge was studied using oscil-
lating magnetic fields with a maximum rise of 1 Tesla/microsecond. It was
found that above a critical rise of 0.2 Tesla/microsecond the magnetic field
caused a reduction in discharge resistance due to induced electric fields.

For slower magnetic fields the discharge resistance increased in accordance
with the steady-state characteristics.

In order to model the steady-state behaviour of glow discharges in
transverse magnetic fields, Monte-Carlo codes were developed for both the
positive column and the cathode fall. A continuum model was used to calculate
particle densities, current densities and electric field distribution along
the discharge axis. The computational results agreed well with the experi-
mental values.

Experimental and theoretical results indicate, that a magnetically
controlled discharge, where the control mechanism is based on the shift in
| the positive column electron energy distribution, can be utilized as an
{ opening switch with opening times in the range of hundred microseconds. Another
way to utilize the control effect is tc shorten the afterglow of low pressure
closing switches in the microsecond range.

Another promising magnetic control mechanism seems to be possible
in hollow cathode discharges. Measurements on single hole hollow cathode
discharges showed three distinct pressure regions with currents differing by
four orders of magnitude. In order to switch between the different discharge
modes, it seems to be necessary to modify the motion of ions which are respon-
sible for the generation of electrons at the cathode. Necessary magnetic
inductions are in the order of one Tesla. The advantage of hollow cathode
discharges is the potentially high current density of several hundred
A/cm in a multihole arrangement and its high stability.
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s INTRODUCTION
The effect of transverse magnetic fieids on glow discharges has been

studied since the late nineteenth century [1]. Most of the experimental

e work has been done in systems which operate on the low p*d side (left hand)
i of the sustaining voltage minimum, where p is the pressure and d is tne

:§ electrode spacing. On the left-hand-side of the p*d minimum, the applica-
?é tion of a transverse magnetic field decreases the discharge potential. This
" effect has been sucessfully used in closing and opening switches [2] and to
la reduce the forward potential of cold cathode tubes [3].

g Very little work has been done on the high p*d side of the voltage

v minimum. In this range the application of a transverse magnetic field
;¥ increases the dielectric strength of a gas [4] and it increases the
‘z discharge potential, as stated as early as 1933 by Thomson in his book
=] "Conduction of Electricity through Gases" [5]. More recent measurments of
:3 the potential of He-discharges in transverse magnetic fields have been
:E performed by Turnquist [6]. The effect on the discharge potential can be
%T explained by tne shift of the electron energy distribution towards lower
ff energy values in crossed electric and magnetic fields [7]. This shift

_i causes a reduction of the drift velocity and a decrease of the ionization

7 rate. In the positive column of the glow discharge, which can be considered
~j a homogeneous plasma, the resistivity is increased by this mechanism and so
SE is the discharge potential at constant or even decreasing current. To

: enhance this effect an attacher with a large attachment cross section at low
J energies may be used. The shift of the electron energy distribution in
; crossed fields stimulates increased attachment, a process which reduces the
n! conductivity in the positive column further.
>,
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The effect of magnetic fields on the cathode fall of a glow discharge,

operated at p*d values above that for minimum sustaining voltage is less
understood than its effect on the positive column. With increasing current
densities (abnormal glow), however, the cathode fall voltage determines more
and more the discharge potential. Considerations of the change of the elec-
tron energy distribution in crossed fields as used to discuss the variation
in the sustaining electric field in the positive column are not sufficient
to predict the behaviour of the cathode fall in transverse magnetic fields.
Models which take nonequilibrium effects into account have to be used in
order to describe the influence of gas and electrode properties on the cath-
ode fall [8, 9].

The modeling of the cathode fall leads ultimately to discharge systems
which are completely space charge dominated, such as hollow cathode dis-
charges. Research on the effect of magnetic fields on hollow cathode dis-
charges is in its infancy [10]. The study of such systems is not just im-
portant for control of discharge resistance but also to understand the
charged particle behaviour in nonplanar boundary layers, e.g. in cavities on

the surface of space vehicles.
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EXPERIMENTAL SET-UP

A) COAXIAL SYSTEM

¢
:? A coaxial configuration (Fig. 1) was chosen because it provides an easy
. way to generate a crossed field situation by using a solenoidally shaped
:: coil, The ExB drift in this system leads just to a rotation of the plasma
‘E but not, at least in a first approximation, to charge separation and there-
}. fore to a build-up of space charge fields in the positive column.
- The discharge circuit consists of a 50 @ cable and a mid-plane trig-
: gered spark gap, which delivers a 200 ns pulse to a 70 @ shielded resistor
, in series with the discharge chamber. In order to obtain longer pulses a
t‘ 10 us pulse forming network was also used.
LE Both the discharge voltage and current were recorded using transient
; digitizers and the magnetic field circuit current was recorded using a stor-
8 age oscilloscope on every shot. The current waveforms were measured using
,E commercial Rogowski coil current transformers. The discharge voltage was
3: monitored by a capacitive voltage divider in series with a resistive voltage
'} divider. This device has a fast risetime which is limited by the self in-
{E ductance of the two carbon resistors in the resistive part of the divider.
‘E A cross-sectional view of the voltage divider is shown in Fig. 2. The step
; response of this device is an exponentially decaying signal which has a time
$ constant equal to the product of the sum of the two resistors times the sum
E of the two capacitors. For short pulses (<60 ns) the voltage divider pro-
, vides an accurate reproduction of the input signal. Longer signals must be
‘i processed digitally to compensate for the decay.
Eﬁ Figures 3a and 3b are plots of the voltage and current waveforms for
f' four consecutive data points taken under the same conditions. The gas
s
1oy
.
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0.05 Tesla, 100 ns/div,
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mixture was 20% SF6 + 80% He and the applied magnetic field was 0.05 Tesla.
The jitter in the original waveforms was corrected by aligning three of the
waveforms with the first using an interactive graphics program. The differ-
ence in the first 350 ns of the voltage waveforms is due the statistical
delay of the discharge initiation.

To study the steady-state behaviour of the radial glow discharge, with
current densities up to A/cmz, in transverse magnetic fields a "quasi-dc"
axial magnetic field was applied. The experimental set-up has been
described in reference [7]. The magnetic field circuit is a series RLC cir-
cuit capable of delivering peak currents of 2.2 kA, which produced magnetic
fields in excess of 1.2 Tesla.

A second magnetic field circuit has been built recently. This circuit
consists of a single turn coil and a three-turn coil powered by a capacitor.
This system allows to generate magnetic fields of up to 1.5 Tesla with
risetimes of the ordar of 1 microsecond. The magnetic field circuit and the
two types of coil currents used in our experimental studies are shown in

Figs. 4a and 4b.

B) LINEAR SYSTEM

A second system with plane-parallel electrodes was designed and built
in order to study the cathode fall in abnormal glow discharges and the ef-
fect of longitudinal magnetic fields on hollow cathode discharges. In such
a configuration longitudinal magnetic fields can easily be generated by
using a solenoid with its axis along the discharge axis or in case of a
hollow cathode discharge along the hole in the cathode.

Tne discharge system consists of a coaxial discharge chamber witn plane

parallel electrodes (Fig. 5). For hollow cathode investigations a hole of

-----------------------------
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Fig. 4 (a) Magnetic field circuit and (b) Current waveforms
obtained with one- and three-turn coils.
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§
e 0.5 cm diameter and 2 cm depth is drilled in one of the electrodes. The
: discharge is driven by a 50 Ohm, 10 microsecond pulse forming network (PFN)
:, through a spark gap switch., A matching load resistance of 50 Ohm is placed
in series with the discharge. The magnetic field circuit is a critically
t damped, series RLC circuit capable of delivering a peak current of 300 A
é which generates a magnetic field of 0.3 Tesla. The discharge current and
{ the current in the magnetic field circuit was measured with Pearson coils
and were recorded with 400 MHz Transient Digitizers.
b
' EXPERIMENTAL RESULTS
? A. THE EFFECT OF STATIC MAGNETIC FIELDS ON THE DISCHARGE IMPEDANCE
:S To determine the operating pressure of the gas in the discharge cham-
5 ber, pressure versus discharge voltage data were taken. Figure 6 shows the
i measured values of pressure versus sustaining voltage for a current density
-;: of 1 A/cm2 in SFc, He and an 80% He - 20% SFe mixture. While these curves
% should not be confused with Paschen curves {which are pd versus sparking
N voltage), the curves for SF6 and the SF6:He mixture show the typical Paschen
»i curve shape. There is a minimum voltage which increases as the pressure is
é either increased or decreased. The minimum voltage for SF6 and the SF6/He
i mixture are 1100 V and 1200 V, respectively. The He curve has its minimum
‘ at a pressure greater than 20 torr. In our studies we have concentrated on
a: the He:SF6 gas mixture, oecause discharges in tnis mixture are more stable
Y than those in pure SF6. The pressure was chosen to 8 Torr, just to the
right of the minimum in the discharge potential curve (Fig.6).
2, Figure 7 is the measured quasi steady-state voltage current character-
, istics for the discharge in 20% SF6 - 80% He with applied transverse
K,
9
o
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Fig. 6 Experimental values of discharge voltage as a function
of gas pressure for various gases.

Discharge current is 100 A.
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;E magnetic field. The measurements were made by recording both the discharge
‘. current and voltage waveforms for values of applied voltage at specific

P values of magnetic field intensity. Several data points were taken for each
f{ value of applied voltage. The statistical spread of the data is

t approximately 15%.

g The relationship between the discharge voltage and the applied magnetic
é field strength at constant discharge current was determined from Figure 7.
™ These data are given as Figure 8 for discharge currents of 20 A, 60 A and

100 A. With a cathode surface area of 100 cm2, the corresponding current

_ densities were 0.2 A/cmz, 0.6 A/cm2 and 1.0 A/cmz, respectively. The plot

; shows an initial increase in discharge voltage with respect to magnetic
:? field (dV/dB) of approximately 0.4 kV/Tesla for the three values of current.
is This increase to a steady value which is dependent on the discharge current.
:? ' The final values of dV/dB for the three values of current are listed below.
.: I dv/dB B

; 20 A 1.6 kV/Tesla 0.5 < B < 1.2 Tesla

L 60 A 2.3 kV/Tesla 0.6 < B< 1.2 Tesla

! \ 100 A 2.6 kV/Tesla 0.5 < B < 0.65 Tesla

;E B. THE EFFECT OF TRANSIENT MAGNETIC FIELDS ON THE DISCHARGE IMPEDANCE

‘:‘ In order to study the effect of a transient magnetic field on the im-

E pedance of a gas discharge in He:SF6, a capacitive discharge system was

: used, which allows the generation of magnetic fields up to 1.5 Tesla with

iu risetimes in the microsecond range (see section: Experimental Set-up). The
E: application of a transient axial magnetic field causes an azimutnal electric
g field in the discharge:

: 12

'v

' ’’ . , N R N SN, ,‘r,'-r el A f"l \\'\f’- -r,..r\-\f.'f ] 'n;(- 'I AL A WY ".-‘




oAb Aty 4 e a0, ol 8% A% 4% 2% 42 22 A% 2%a 2'x 2%s 892 Bia B°a 4%2 2%'2a‘8'2 A% 8'a 8¢ Vo gty aly al. at e Y, g ale at ale b n b 2t 30 0088 8°0 8 2000

L TS

-‘-.. .‘-

|}
4
K
¥
s
,'l
l‘:‘ i
H
i —
2.5 —
o
3 -
L .
—
- 4
| =<
.‘: [ ) ]
» =3
¢ 2.0 —
=
3 7
) o .
¥ P~
: ool -~
X ()
m —
- <
N I 1.5 ]
) &)
) n -
L 5
2 —
. 1.0 —]
Ll
- 0O 02 04 06 08 10 1.2 14
o MAGNETIC FIELD INTENSITY [TESLA]
v Fig. 8 Experimental values of discharge voltage as a function of
. applied transverse magnetic field intensity in an 80% He -
o) 20% SF. gas mixture at 8 torr for various values of
: discharge current.
l
|
|
|
o*
, 13
;

)

" I AP BV I B 2" ¥ D P Y % U ) LW W W i m P g™ e a™
o e b 8 et = o R T o 4 e T T = L




A
[

2
L

‘l“ As l".“. 'ﬁ.‘lll ‘ )

If_n'.z'_l.:‘.. ".". . )

Ch Y ]

LRSS

S5

¥,

g

b
]

Fs

(5¢

5

A
30 .70

Ey = - (r/2)* (dB/dt)

The induced electric field adds vectoriell to the radial electric field
of the discharge. For fast rising magnetic fields the shift of the electron
energies towards larger values due the induced electric field dominates over
the oppositely directed magnetic field effect and the discharge conductance
increases. This effect was observed when the temporal rate of change in the
magnetic field intensity (dB/dt) reached values of 0.2 Tesla/microsecond,
corresponding to an induced axial field strength of 170 V/cm at the outer
electrode (r = 3.5 cm), which comes close to the order of magnitude of the
applied radial electric field at this radial position.

With magnetic fields having a maximum rate of change of 0.1 Tesla/micro-
second the expected opening effect was observed. Figures 8 and 9 show the
temporal change in current, voltage and, derived from these quantities, the
discharge resistance (Fig. 10). The resistance increases with increasing
magnetic field, however, the discharge becomes unstable at a certain voltage
and changes into the high conductance mode as in the case of high dB/dt.
Figure 11 shows the current-voltage curve with the magnetic induction as
parameter, in the steady-state characteristics diagram. The switching [-V
curve follows the loadline of the circuit used in this experiment. The
magnetic field intensity values corresponding to the I[-V values on this
curve are in agreement with the 8-values of the steady-state curves. This
indicates that the relaxation time of the electrons in a gas discnarge in

transient imagnetic fields is smaller than the characteristic time of change

of the magnetic field.
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C. THE EFFECT OF LONGITUDINAL MAGNETIC FIELDS ON A HOLLOW CATHODE

DISCHARGE

A linear discharge system (Fig. 5) was used to study the pressure depen-
dence of discharges between a plane anode and a hollow cathode and the in-
fluence of magnetic fields on the voltage-current characteristics of such
discharges. The gas discharges utilizing a cathode with a cylindrical hole
of .48 cm in diameter and 1.9 cm depth exhibits three distince modes of
operation in He in the pressure range between 15 mTorr and several Torr
(Fig. 12).

At pressures in the range of 15 to 70 mTorr the discharge carries a
current of 120 Amperes at an impedance small compared to 50 Ohms. The diam-
eter of the discharge channel is identical with the hole diameter (Fig.
13a). At pressures above 70 mTorr up to about 200 mTorr the discharge oper-

ates in a high impedance mode with currents four orders of magnitucde less

than in the previous mode of operation. In the high impedance mode a
filamentary plasma of 0.1 cm diameter, immersed in a glow, was observed in
the axis of the discharge system (Fig. 13b). This luminous phenomenon is
probably caused by an electron beam emanating from the bottom of the hollow
cathode [13]. In this mode of operation the discharge (electron-beam) cur-
rent increased linearly with pressure. In the pressure range between 200
mTorr and 1 Torr the discharge is not well defined. It seems to set on the
triple point (gas, electrode, dielectric). At pressures above 1 Torr, tne
discharge switched again into a high current, low impedance mode. A current
of 60 Amperes was measured in this mode. It does not vary with pressure up
to several Torr,

The high pressure, high current mode is in our opinion the comnon hol-

low cathode discharge mode, where the cathode fall distance corresponds to
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the radius of the hale in the cathode [11]. At lower pressures the
formation of a space charge layer (cathode fall) is suppressed and the
electrons, which are generated at the bottom of the hole are accelerated in
the electric field between anode and cathode. This low current mode of
operation is equivalent to the operation of an electron-beam diode with
electron-generation through ion bombardment of the cathode. The high
current discharge at very low pressures (< 70 m Torr) is probably a vacuum
discharge, a discharge which is sustained in electrode material vapor.

Experiments have been performed to study the effect of axial magnetic
fields on the discharge characteristics in the tnree observed modes of oper-
ation., With so far maximum obtainable magnetic fields of 0.3 Tesla in this
configuration there was no change in the discharge characteristics of the
"vacuum" and "hollow cathode" discharges. In the "electron-beam" mode (mned-
ium pressures), on the other hand, even small magnetic fields of 150 Gauss
reduced the current by a factor of two. Because of the small current
densities (several hundred milliamperes per square centimeter in a multi-
hole structure), however, there does not seem to be an application of this
effect in Pulsed Power opening switches.

If it becomes possible, however, to switch between the different modes
of operation, changes in the impedance of almost four orders of magnitude
can be expected. In order to influence the discharge in the pressure range
about and below 1 Torr by means of magnetic fields, it is necessary to modi-
fy the motion of the ions which are responsible for the electron generation
at the cathode. A criterion for an effective change of tne ion patn in the
hollow cathode is given by the condition that the ion Gyroradius snould pe
smaller than the hole radius. For He with an assumed average energy of

100 eV (several times the ionization energy) and a hole radius of 0.24 c¢m
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the magnetic induction necessary to force the ions on a circle of the same
radius is B = .85 Tesla. This value can be reduced if holes with a larger
diameter are used which requires operation at lower pressures.

Assuming that discharges emanating from different holes in a cathode do
not interact with each other, a possible pulsed power opening switch could
consist of a plane anode and a multihole cathode. With such a configuration
current densities of several 100 A/cm2 seem to be obtainable. Furthermore,

as measurements with 10 microsecond pulses indicate, these discharges are

very stable.

COMPUTATIONAL RESULTS

Monte Carlo calculations were performed to simulate the positive column
and the cathode fall of glow discharges in transverse magnetic fields. The

gas mixture, which was chosen for our studies, was 20% SF, - 80% He at a

6

pressure of 10 torr. SF6 data compiled by Kline [12] and Phelps [13] were
used. The cross sections for He, which serves as buffer gas, were taken

from a paper by Hayashi [14].

A. POSITIVE COLUMN

A zero dimensional Monte-Carlo code was used to calculate tne electron-
energy distribution, ionization rate coefficient, attachment rate coeffi-
cient, collision frequency and drift velocity in the positive column |7,
15]. The computed attachment and ionization rate coefficients were used in
a simplified continuity equation for electrons, where detachmenfj‘*ecomoina-
tion and diffusion processes are neglected. This equation resulted in the
calculation of the equilibrium reduced field strength, E/N, for the positive
column of a discharge plasma as a function of the reduced magnetic field

intensity, B/N. The results from such calculations are shown in Fig. 15 for

22

DT
¢ .

'_" \’-J\- o \ :-._-._. N

LR R )

SRR N




Tapom uroq-1oaynaa . oY)

pabueys uorydaatp pareoiput
“abarydstp meaqg wouan
EARGE

-bey

Abuaryasip- rNNIPA

L}

a1314—4a 40
SOTRENIR

.JJ:.J-J _ S

UL Pt
S RTE RI L!
ty oy (v

' v ]
TOAN[al) D10
© it pnr
mhojong w1 by
JA0H1VD
9K SVIO

/ .
S
il
’y \\w
Vs
Vi /7

3A0NV




B g gty

&A=

AAA NN,

S S

»xXX]

ES()() T T T T T T T T T
500
400
—
o
B
— 300
Z
\
=
200
100
0 i ] ! J I | ! | I
0 10 20 30 40 50
—19 3
B/N [x 10 Tesla—cm" ]
Fig. 15 Calculated reduced electric field intensity as a
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p = 10 torr, 20% SFg - 30% He.

24




PRI AT N AN AT AN N AN Y AU WA UNUNUWLY 19, gl ‘o +ad vl Sal Lol Sad . KN RN R Y ey Ry Wy oy VA oAl ats

b

- P T N L N SO PN LT .
N N A O N A P R I B R A R N AT

20% SF6 - 80% He. txcept for small values of B/N, the E/N versus B/N curve
increase linearly with a slope of about E/B - 1 kV/cm Tesla.

Details of the computational procedure and results of the calculations
(rate coefficients, drift velocity) are discussed in the previous annual

report and in the attached papers (Appendix).

B. CATHODE FALL

In order to model the cathode fall, which for abnormal discharges
contributes substantially to the total discharge voltage, a one dimensional
Monte-Carlo code was used. With this code the electron energy distributions
and the transport and rate coefficients in the cathode fall region of glow

discharges in a He/SF_. gas mixture were calculated. The charge carrier

6
densities and the current densities were computed by means of a continuum
model. A self consistent solution for the cathode fall was approached
through an iterative procedure. The modeling procedure and the obtained
distribution of rate coefficients, charge densities and current is described
in detail in the attached paper "Analysis of the Cathode Fall of Glow

Discharges in a He:SF_ Gas Mixture" [9].

6
Figure 16 shows the calculated spatial electric field distributions for
zero magnetic field and a magnetic field of 0.5 Tesla with an assuned
current density of 1 A/cmz. The electric field for B=0 is linear except for
the region adjacent to the positive column (negative glow). The cathode
fall distance is very short compared to the cathode fall distance measured
for normal cathode falls and the electric field intensity is correspondingly
high. It reaches 35 kV/cm at the cathode. Application of a magnetic field

of 0.5 Tesla causes a reduction of the electric field intensity in the

cathode fall contrary to its effect in the positive colunn. The cathode
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" Fig. 16 Calculated electric field intensity as a function
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, P : 10 torr, 20% SFg - 80% He, J = 1 A/cmé,

vy =0 and B = 0.5 Tesla.
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. fall voltage is reduced to about 250 V, as compared to the value of 500 V

for the cathode fall in the magnetic field free case.
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:4: DISCUSSION AND CONCLUSION

. The computational results for positive column and cathode fall are

;’, shown in Fig. 17, compared with the experimental results, obtained in a

S; He:SF6 gas mixture at 8 Torr. The experimental data and the theoretical
results are in relative good agreement for values of the magnetic field up

:. to 0.5 Tesla. For higher values of magnetic field the measured rise of

};§ voltage with increasing magnetic field exceeds the computed one. This

" discrepancy between theory and experiment might be due to the fact that

.:i neither recombination nor diffusion was considered in our rate equations.

‘jt Both mechanisms cause a reduction of electron density, consequently an

ﬁ: increase in discharge potential and therefore a steeper slope in tne

Ez computed E/N versus B curve.

is The results of the measurements with transient magnetic fields

A;\ indicate, that the relaxation time (turn-off time) is small compared to

ti one microsecond, which is the characteristic time of change in the magnetic

JE field used in this experiment. This is consistent with computational

'f results on the temporal change of the electron energy distribution function,

_éi where decay time constants for the electron density in the order of 100 ns

.;i were calculated (Paper on "The Influence of Transverse Magnetic Fields on

& Glow Discharges in He:SF6 Gas Mixtures," Appendix). The main problem

*5? related to fast (submicrosecond) switching, however, is not the relaxation

"

of the electron energy distribution, but the induction of electric fields by

iy

the fast rising magnetic field, which cause a glow-to-arc transition pbefore

~ . .
T the opening effect sets in,
o In order to use this device as a switch tne current density snouly oe
)
I\. 2
~ larger than 1 A/cm™ and the forward voltage should pe relatively low. w1¢n
s simple brass electrodes and no preionization the experimental set-up
i~
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delivered current densities of up to 2 A/cmz. One method to increase the
current density is the use of a hollow cathode. When using such a cathode
in the experimental set-up current densities ten times that obtained with
the plane cylindrical cathode were obtained at approximately half the
forward potential. Work done at GTE Labs Inc. indicates that current
densities of several hundred amperes per square centimeter can be obtained
when the gas is preionized [16].

The efficiency or gain of magnetically controlled opening switch can be
defined as the ratio of power delivered by the switch to the load divided by

the magnetic power required to operate the switch [7]:

Lae
2 JE
G = _ =
4 (l Bz/u) Bz/ur
dt 2

If the magnetic field intensity, B, rising from zero to 0.5 Tesla in a
time T, would generate an electric field, E, of 0.5 kV/cmr then, the opening
time, T, required to get a gain greater than unity would have to be longer
than 4 us. The discussed magnetically controlled switch would therefore oe
suitable for opening a circuit in tne 100 us range witn reasonable

efficiency. The current could be scaled with the discharge cross section

and the voltage with the length of the positive column.
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WORK STATEMENT FOR THE 3RD CONTRACT PERIOD:

1. It is planned to perform electrical measurements (voltage and current)
on pulsed, single hole and multi hole hollow cathode discharges in He
using a recently built discharge system. The purpose of these

measurements is to get information on the current-voltage

"X

characteristics, and stability of these discharges (with respect to

R R Yy

their application as pulse power switches).

2. It is planned to study tne influence of magnetic fields along the axis

[

of the discharge on the sustaining voltage. The purpose of these

.

experiments is to define ranges of operation where the application of

Lt

magnetic fields leads to a reduction or an increase in discharge
impedance (opening or closing switch). If it is possible to switch

between different modes of operation (Fig. 13), resistance changes by

LA SN

four orders of magnitude can be expected.

- 3. It is planned to expand our one-dimensional boundary layer model, which
uses Monte-Carlo codes to determine the rate coefficients and electron
drift velocity under nonequilibrium conditions, into a two-dimensional

« model. This will allow to model hollow cathode discharges. For the

development of the two-dimensional code, we have the support of S.

Taasan, an expert on numerical solutions of Partial Differental

Equations (NASA Langley).
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Magnetic Control of Diffuse Discharges

J. R. COOPER, MEMBER, IEEE, KARL H. SCHOENBACH, SENIOR MEMBER, IEEE,
AND G. SCHAEFER, SENIOR MEMBER, IEEE

Abstract—By application of a crossed magnetic field, the electron
energy distribution in a gas discharge can be shifted to lower energy
values, as demonstrated by means of Moate Cario caicuiations for elec-
trons in He:SF, mixtures. Consequently, through the change in the
rate coefficients for ionization and attachment, the sustaining fleid in
the discharge plasma is increased. This magneticaily induced voltage
rise was studied in a low-pressure glow discharge. The cathode fail was
found to be the dominant component in determining the characteristics
of this magneticaily controiled discharge. The drastic rise of the cath-
ode fail above a threshoid value couid be utilized in operating a giow
discharge as an opening switch {or an inductive energy storage system.

[. INTRODUCTION

OW-PRESSURE diffuse discharges have been stud-

ied extensively with respect to their application as
closing switches. Examples of switching devices operat-
ing at low pressures are thyratrons (1], tacitrons (2], and
crossatrons (3]. Common to all these devices is thetr op-
eration on the low pd side of the Paschen minimum, with
p being the gas pressure and d the electrode spacing. The
application of crossed magnetic fields in this pd range
leads to a decrease in breakdown strength and plasma re-
sistivity in the on state of a switch, an effect which has
been successfully used in operating crossed field tubes as
closing switches.

If the gas pressure is such that pd is on the high side of
the Paschen minimum, the application of a crossed mag-
netic field has the opposite effect. In this pd range, where
the characteristic of the discharge is determined by elec-
tron-molecule collisions, rather than by electrode () pro-
cesses, the applied magnetic field causes a change in the
transport properties of the discharge such that an increase
in both breakdown field strength [4] and resistivity [5]
occurs. This effect provides a means for the use of mag-
netically controlled low-pressure discharges as opening
switches.

[I. THEORY AND COMPUTATIONAL RESULTS

The application of a magnetic flux density B. which is
transverse to the electric field £ in the discharge, changes
the transport parameters ot the electrons by changing the
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Fig. 1. Electron energy distnbutions for a reduced electnc-field strength

of E/N = 120 Td in 20-percent SF,-80-percent He for vanous values of
reduced magnetic Hux density 8/N.

electron energy distribution f(e). This was demonstrated
by means of Monte Carlo calculations in pure SF;. Fig.
1 illustrates this shift in the distribution function ‘or a
mixture of He and SF¢. These data were generated again
by Monte Carlo caiculations {7]. The cross sections for
this calculation for He were taken from a paper by Hay-
ashi [8] and those for SF, were taken from Kline [9]. The
electron scattering was assumed to be isotropic. The ma-
jor points of interest in the crossed field induced changes
in f(e) are the reduction in the high-energy tail of the dis-
tribution and the shift of the mean energy to lower vaiues
with increasing reduced magnetic flux density B/V., V
being the number density of the gas molecules. The mean
energies for the B/N = 0and B/N = 1.5 x 107"* T - cm’
distributions are 11.6 and 8.0 eV, respectively.

The effect on the tail of f(¢) can be explained by con-
sidering the electron trajectones in crossed electnic and
magnetic fieids. The-electrons that make up the high-en-
ergy part of the electron energy distribution 1n a gas with
an electric field only are those which have been forward
scattered, i.e.. scattered in the direction of the electnc
field lines. The forward-scattered electrons in a crossed
field discharge travel paths that are curved due to the
U X B forces acting on the particle. This means that for-
ward-scattered electrons will not gain as much energy as
in the ““electne-field-only™" case. so the high-energy tail
of the electron energy distnibution 1s reduced. The shitt in
the mean energy has been denved both anaivuicaily (10]
and in computer simulations (5], [11] for crossed feld
discharges.

The changes in the distnbution function significanty
affect the electron transpon parameters ot a discharge 1n
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Fig. 2.
density 8/N with the reduced electnc field strength E/N as a parameter
in 20-percent SF,-80-percent He.
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Fig. 3. Attachment rate coefficient k, as a function of reduced magnetic
flux density B/N with the reduced electnc ficld strength E£/N as a param-
eter in 20-percent SF,-80-percent He.

a gas mixture of 20-percent SF¢ and 80-percent He, as
shown by the plots of ionization and attachment rate coef-
ficients in Figs. 2 and 3, respectively. These data were
generated by counting the number of ionization and at-
tachment processes with the same Monte Carlo calcula-
tions as were used to produce the distribution functions of
Fig. 1. Rate coefficients in a gas are defined by the equa-
tion

2 .
k = -~ S o(e) €' fle)de (h

where k, is the rate coefficient. o,(¢) is the corresponding
collision cross section, m, is the electron mass, and ¢ is
the electron energy. In Fig. 2 it can be seen that the ion-
ization rate coefficient &, is reduced bv more than three
orders of magnitude by the application of a magnetic field
of BAN = 1.5 x 107" T - cm® for 20-percent SF, and
80-percent He. The attachment rate coefficient &, is
strongly affected by the magnetic field only below some
threshold value. For E/N = 2400 Td, this threshold is at
B/N =6 x 107" T - cm’, as shown in Fig. 3. The rate
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Fig. 4. Calculated positive column equilibnum reduced electric field
strength E/N versus reduced magnetic flux density B/N for 20-percent
SF¢-80-percent He.

coefficient remains fairly constant above this value of
B/N. This behavior is typical for an attacher whose at-
tachment cross section peaks at low energies, such as SF,
[9]. The drift velocity v, for a particular E/N is also re-
duced if a transverse magnetic field is present. This is due
to the lowered electron mobility in the electric-field di-
rection caused by the gyrating path of the electrons in
crossed fields.

The computed rate coefficients &, and k, can be used in
the continuity equation for electrons to calculate the equi-
librium E/N for the positive column of a discharge plasma
as a function of B/N. This equilibrium E/N, or limiting
E/N, is the electric-field intensity at which

dn,/dt = kNn, — k,N,n, = 0. )
The results from such a calculation for a 20-percent SF4-
80-percent He gas mixture are shown in Fig. 4. Except
for small values of B/N (<0.1 x 107" T - cm?). the
E/N versus B/N curve increases linearly with a slope of
E/B ~ 1 kV/T - cm).

III. EXPERIMENTAL RESULTS

Experimental studies of low-pressure glow discharges
in crossed electric and magnetic fields were performed
with the apparatus shown in Fig. 5. The discharge is pro-
duced by overvolting a coaxial gap whose dc breakdown
voltage in 8 torr of 20-percent SF,-80-percent He is ap-
proximately 2 kV. The brass center conductor is the cath-
ode. which has a diameter of 3.18 cm and a surface area
of 100 cm®. The anode is a set of twelve 0.32-cm-diam-
eter stainless steel rods arranged to form a cylinder around
the cathode. The anode-cathode gap spacing is 2.06 cm
at the minimum point. The spacing between the rods al-
lows the magnetic field to permeate the discharge with a
time constant determined by the plasma conductivity. The
discharge can be driven by either a 50-Q 1-us pulse-form-
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Fig. 5. Expenmental apparatus.

ing network (PFN) or by a section of 50-Q cable and is
switched by a midplane triggered spark gap using a kry-
tron trigger circuit. The discharge system, which is
matched to 50 Q. is designed to deliver voltage pulses of
up to 40 kV to the discharge chamber with rise times on
the order of nanoseconds.

The magnetic field is applied axially to the discharge
chamber by a coil which is driven by a 20-kV capacitor
bank. The total capacitance of this bank is 45 uF, the in-
ductance ot the magnetic-field coil, which is wound on a
form and placed around the discharge chamber. is 970 u H,
and the circuit i1s overdamped to prevent voltage reversals
on the capacitors. The current is switched to the coil
through a spark gap. Magnetic flux densities of up t0 0.8
T can be obtained with this circuit. The time scale of the
pulse is such that the magnetic field strength is constant
for the duration of the glow discharge. Timing for the
system is accomplished by picking off a portion of the
magnetic-field coil current to trigger a delay generator
which in turn fires the krytron trigger pulser and initiates
the discharge. The delay can be adjusted so that the dis-
charge occurs during the time when the magnetic flux
density is at its desired level. The discharge current was
measured with a Rogowski coil, and the total discharge
voltage was calculated using this measured current and
transmission line data.

The effect of the magnetic field on the discharge imped-
ance is strongly dependent on the pressure range where
the discharge is operated. Results of impedance measure-
ments with and without magnetic field over a pressure
range from 0.5 to 7 torr are shown in Fig. 6. Below §
torr, the application of a magnetic field causes the imped-
ance to drop. a fact which is utilized in crossed field tubes
[3]. Above approximately 5 torr. the discharge character-

2472,
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pltorr]

Fig. 6. Discharge impedance with magnetic tield Z, normaiized to dis-
charge impedance without magnetc field Z, as a function ot gas pressure
p for 20-percent SF,-80-percent He and 8 = 1) 2 T The circles are the
expenmental pounts.
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Fig. 7. Discharge voitage V,. calculated positive column voltage V,, and
denved clectrode tatl voltage V. as a tunction ot magnetic Jux density 8
tor 20-percent SF,-80-percent He at p = 8 torr. The circles are the ex-
penmental points.

10 0.02 T. Above this value of B, the voltage rises sharplyv
with a slope on the order of 100 kV 'T. At values above 4

) istics are determined by electron-molecule collisions as  kV further measurements were not possible due to the in-
Y discussed previously. In this range. the impedance in- creasingly rapid glow-to-arc transitions at higher volt-
::- creases in crossed field configurations. Expenments at-  ages. which lead to a sudden drop in discharge imped-
:_. tempted with a magnetic field at higher values of 8, Vlead  ance.

-.,j to filamentary discharges with onset times on a nanosec- Companng the expenmental values with computatonal
:,( ond ume scale. results ailows estimation ot the cathode voltage drop in
) The equilibrium voltage of the glow discharge with  the glow discharge. We have assumed that the positive
N varying magnetic tields at a pressure of 8 torr in a 20-  column extends over the enure distance between the elec-
:’; percent SF,-80-percent He gas mixture 1s given in Fig.  irodes and that £ V 1s constant in this region. Using the
: 7. The discharge current in this experiment was on the computed equilibnum values of the reduced electne field
;'. order of 150 A. The measured discharge voltage shows a  strength, the positive column shows a magnetic-tield de-
ﬂ linear increase with a slope of approximately 6 kV-T up pendence. as shown in Fig. 7. The ditference between the
)
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measured voltage and the positive column voltage is the
sum of the anode and cathode fall voltages. The cathode
fall is typically the much larger of the two under the con-
ditions of the experiment. Under these assumptions. the
calculated cathode fall was found to be constant up to B

eventually turn the 1nitially abnormal discharge into a nor-
mal one with reduced cathode fall. This means that at high
magnetic field strengths the total hold-off voltage of the
switch will be determined mainly by the voltage across
the positive column. rather than the cathode fall.

#
’

s ~ 0.02 T. Above this value it nises drastically. with a Whereas the sharp increase in discharge voltage at a
.:,, slope of approximately 100 kV/T. That means that above threshold B/N is a desirable effect for an opening switch.
:\j a certain magnetic field strength the total voltage seems the increasingly rapid transinon from glow to arc with
:4 to be pnmarily determined by fall processes for the range higher magneuc fields could impose cenain restraints 1o

studied expenmentally. the use of a magnetically controlled discharge as a switch.
. IV, DiscUsSIoN Howevc_er. if operated_ as an opening swuch.- in which the
E._-)' o _ magnetic field is applied after the discharge is fully estab-
. From the computationally obtained values for the volt-  [ished, rather than before breakdown (as in our expen-
: age drop across the positive column and the total dis-  ment). the device should exhibit reduced arcing compared
o charge voltage, it 1s apparent that the cathode fall region o the results previously discussed. A way to improve the
- strongly influences the discharge charactenistics, both with  discharge further with respect to its application as a switch

and without an applied magnetic field. For B = 0, the s to reduce the strong electric field in the cathode region

mined by the area of the cathode rather than the external
circuit parameters. Studies by von Engel [11] show that
the abnormal cathode fall voltage is an increasing func-
tion of jc/p:. where j. is the current density at the cathode
and p is the gas pressure. This means that for abnormal
glows the discharge is in a range of operation in which
the V-I charactenstic has a positive slope. For our exper-
imental values, / ~ 150 A, cathode area 4. = 100 cm”,
and p = 8 torr, the value for j./p* falls well into the region
of abnormal glow discharges for He [11]. Since the pres-
ence of SF, in the gas mixture contributes to the proper-
ties of the cathode fall as well, direct companison to the
von Engel data i1s not possible.

For B # 0, there is a sharp increase in voltage above a
threshold value of B = 0.02 T. A gualitative understand-
ing of the strong magnetic-field dependence of the cathode
voltage can be gained by observing the charactenstics of
the electron energy distribution of the cathode fall at B =
0. The electron energy distribution in the cathode fall in
a normal glow at the edge of the negative glow region has
been calculated by An e al. [14]. Their results show that
a large number of electrons produced at the cathode do
not collide 1n the cathode fall region. so that there is a
peak in the distnibution at an energy corresponding to the
full cathode fall voitage. The charactenstics of the elec-
tron energy distribution of an abnormal glow cathode fall
should be similar except for the difference in energy
caused by the higher cathode fall voltage. If a transverse
magnetic field 1s applied. this high energy peak will be
greatly reduced. In order to compensate for the resulting
decrease in the ionization rate. the cathode fall voltage
must increase.

If such a discharge 1s considered as a switch in an elec-
tnc discharge circuit, the current will decrease with in-
creasing magnetic field. This decrease in current will

S L VI NTE N ML
e A R R L L A T

"; cathode fall was found to be 1.5 kV, which is almost an  during the conduction phase (B = 0). Two types of cath-
KN order of magnitude higher than the values normally re-  odes which could help to achieve this end are thermionic
s ported [12], [13]. This high value is typical for abnormal cathodes and hollow cathodes [15]. Both of these elec-
o glow discharges. i.e.. glow discharges whose current is  trodes have the capability to produce high current densi-
s so high that the current density at the cathode is deter- ties while maintaining a lower forward voltage drop across

the discharge.

The lower forward voltage drop not only aids in delav-
ing the instabilities in the cathode region [16]. but is also
imponant for reduced power loading 1n the gas dunng
conduction. The higher current density is necessary to
achieve reasonable power gains in inductive energy stor-
age systems with a magnetically controlled discharge as
the opening switch. The power gain G can be defined as
the power transferred into the load divided by the change
in magnetic-field energy necessary to generate an electric
field £,,, averaged over the axis of the discharge. For a

resistive load of resistivity E,,./J. G is on the order of

1 (J Eqay)
_— (3)

N9

— (B2
dt ( Ho)

Assuming that the discharge is biased at a static magnetic
flux density B, just below the sharp increase tn voltage
with B (see Fig. 7). a drastic increase in electnc field in-
tensity can be obtained with rather moderate transient B
fields on the order of 0.01 T. With opening umes of ap-
proximately 0.1 us, and electric field iniensities of E,, ~
1 kV/cm, current densities of J > 1 Aicm" are required
to obtain power gains in excess of unity.
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\ MAGNETIC CONTROL OF LOW-PRESSURE DISCHARY
T J Powers, K.H. Schoenbach., 7. Makarios, §.7 o and v i Lariawala
;‘ Department of E£lectrical and Computer
" Old Dominion Universitwy. Norfolix, VA
o
+
i -
\ ‘ect of a transverse magnetic field on the
: characteristics of glow discharges in
mixtures was studied experimentally and C e
s coretically. A coaxial discharge system was used
» :h ailows application of axial magnetic fields up . N
“ “» . 1) Tesla. Measurements of the discharge voltage ' o ’
id © 4 HMeSF, mixture at a pressure of 3 Torr wvere o
f . >rmed at various magnetic field intensities. AC
8
) ies ot 1 A/cml and an interelectrode : o, n
zm, the discharge voltage was found to
increasing magnetic field at a rate of
The experimental results were compared / L
. y the esults obtained with a continuum model for i
- cathode fall and the positive column. The
‘. 35 of this studv indicate that a magnetically .l 1lustraci £ the - ¢t of magneric
. n.lied discharge may be used as an opening switch R év tilustration o .;;e ;o?gep N %" o in
v : opening  times in the microsecond to millisecond field control of diffuse discharges us.ing 4
\ o attacher gas
A Introduczion
_ perimertay Ser-up
The etfects ot a transverse magnetic field on a4
, ~.ow lischarge have been studied since the late The ewperimental set.-up consizts I 1 Joaxiad.
. nireneenth  centurv (1] J.J. Thomson in his 1933 discharge <Cnhamber surrounced bv .1 solenoida..v shaped
e .t states ~hat application of a transverse magnetic This ailows <the appiication of 1 "juzasi-de"
P et to rhe positive column increases the discharge magnetic field %o a radial g.ow discharge. of
7 potential. He further states that a transverse B L - ) 2 -
ronetie field decreases the discharge potential in .Jfrenc kdensL~.es 4P To o Acm e ”\Dgt.ren[“‘
. cathode fall region at lower pressures and SCEL P uas_rhgen describe¢ in felerence - The
) teases .t at higher pressures {2} Most of the magretic  lleld reulT us a0 Jeries w1t
;. - imental work on the effect of magnetic fields on :3pabxe o
c R iischarges has been done in systems which ?fOJFCé
3 ¢ on the low pd side (left hand) of rhe frsenang
- staining voltage minimuwn, where p is the pressure
¢ a1 4 is  rthe electrode spacing. On the lef:t hand
¢ 3t Nt “he pd minimum the applicacion of a
vorse mnagnetic tield decreases the discharge
ntial This effect has been successtully used in _
“s:ng  ind opening switches {3] and to reduce the Both the uischarge wvoltage and u wevre
< tirward potential of cold cathode tubes [4! LU ' Tansient JdigitiZers and the zagnellc
‘J erw little work has been done on the high pd L Jurrent  was  recorded 4sing a4 storage
- site of the voltage minimum. In this range the illoscope on everv shot The curvent wavelorTs
: ippliication of a transverse magnetic field increases e measured  ising commercial Rogowss: Isll current
" - AAscHJrge potential 5.6 and the hreakdown The discharge wol: age was aonitirad by
. Tentidl o This effect is due to the shif: of voltage  divider series with a
° st electton energy distribution towards lower energy "°1‘Jge divicer levice nas a Iast
aod .2 reduction of the high energy tail of the =hich 1s  limited bv the self :inductance of
sisitibntion in crossed  electric and magnetic CArdon resistors in the resistive pari of the
N Tlelis T> enhance rhis effect an attacher gas with s tross-sectional wview of the voitage
M ) iczachment cross section at lower energies 25 shown un figure o The sTep response of
> v me ased. This is illustrated in figure 1. When evice 15 Jn 2xXDenentig..y deuaving signal whith
S "re electvon  energy distribution shifts downward -he Time  ConsIant equdl 5 the product ar the sum
: energy mobilitv is reduced, the probabilitv TWO  Tesistors times  the sum of The TwWo
L increases and the probabilizy of ;A?;c:?ors Jor  sforT  pulses «HY nmg the veLtage
decreises This effecrivelv reduces -he fivlger  provides  an acourate  reprocucTior a1l the
and  helps to extinguish rhe disch. ' Lurrer stgnals st ne  rrocassed
; 15 effect provides a4 means for the o s ?‘:JT
callw o IomTrolle:  lowsprassure  discnar e 2 Pi0Lls T
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Fig. 4 Experimental values of discharge voltags as a
function of gas pressure for various gases.
Discharge current is 100 A.

Figure 5 s the measured quasi{ steady-state
voltage current characteristics for cthe discharge
with applied transverse magnecic tield  These
measurements were made using a 20% SF, - 30a He gas
mixture at a pressure of 8 lorrv the measurements
<ere made bv recording both the discharge current and
voltage waveforms tor several wvalues ot applied
voltage at specific values of magnetic field inten-
sity. Several data points were taken for each value
of applied voltage.
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Fig 3} Typical discharge (a) voltage and (b} current - - L ©o
waveforms showing four consecutive shots .
superimposed. 20% SF, - 80% He, B = 0.05 -
HVIE O
Tesla, 100 ns/div, (a) 618 V/div and L U,
- (b) -15 a/div. 3 ) n 6y an e -
-._
. DICHARGE CURRENT A
- Experimensal Results
o+, v i . i valr
N To determine the operating pressure of the gas Fig. 5 %zzzz:gz";?ld{al:§§ of SESChirgi ‘ilggseuzs 4
v, {n the discharge chamber, pressure versus discharge 20% SF iSE egeccﬁ Een E) Ji1r‘ s
M, voltage data were taken Figure 4 shows the measured © 6 Bas mixture a corr tor Mariou
salues of pressure versus sustaining voltage for a values of applied transverse magnetic tield
R :
. current dens{ty of 1 Ascm” in SF, . He and an 80% He incensicy
f; - INY SFH mixture while these curves should not The relationship between the dlscharge woi-age
, and ! 1L T Tr "noat constant
e he confused with Paschen curves (which are pd versus = te applied magnecic fleld strernsn ac sonstanc
" apagkd volt ) the curves tor SF 0d the discharge current was determined tr-m  fcougre S
oo L0080 soltage). the pes n o in These data are ygiven as flpare n or gisoarge
:ﬂ SF6 He mixture show the tvpical Paschen curve currents of 20 A, 60 A and 1[0 A “ithoa cathode
N
x shape There {s a minimum voltage which increases 1s surface area of 100 cm“, the corvespondirg ~urvent
. deer > \ .
) hTe{ pres?uie {s feithz; incrgasii orséechzdse?x[ fhe Jensities were 0.2 A,cme. O f Ascms and 1 0 A e
" minimum voltage for Sk, an e I mixture respectively. The plot shows an initial increase in
”; are 1100 ¥ and 1200 V respectively The He curve has discharge voltage with respect <to magnetic tield
' ,
‘o its minimum at a pressure greater than 20 torr (dV/dB) of approximately 0.4 kV/Tesla for the three
o’
¢
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values of current. This increases to a steady value

which s dependent on the discharge current. The
final values of dV/dB for the three values of current
are listed below.

I dv/dB B

20 A 1.6 kV/Tesla 0.5 < B < 1.2 Tesla

60 A 2.3 kV/Tesla 0.6 < B < 1.2 Tesla

100 A 2.6 kV/Tesla 0.5 < B < 0.65 Tesla

i oA ;
I = 80 A /
1 =204 /

CHAzGE VOLTAGE [WV)
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Fig. 6 Experimental values of discharge voltage as
a function of applied transverse magnetic
fleld intensity in an 80% He - 20% SF. gas
mixture at 8 torr for various values of
discharge currenc.

Compucational Results

Monte-Carlo calculations were performed to
slmulate the positive column and the cathode fall of
plow discharges 1In transverse magnetic flelds. The
gas mixture, which was chosen for our studles, was
20% SF, - 80% He at a pressure of 10 torr. SFg-data

comptled by Kline [9] and Phelps [10] were used. The
cross sections for He, which serves as buffer gas,
were taken from a paper by Hayashi [11].

A zero dimensional Monte-Carlo code was used to
calculate the electron-energy discribution, {oniza-
tion rate coefficlent, actachment rate coefficienc,
collision frequency and drift velocity in the posi-
tive column [12,13]. The computed attachment and
ionization rate coefficients were used in a simpli-
fied continuity equation for electrons, where detach-
ment, recombination and diffusion processes are neg-
lected. This equation resulted in the calculation of
the equilibrium reduced field strength, E/N. for the
positive column of a discharge plasma as a function
of the reduced magnetic field {ntensity, B/N. The
results from such calculations are shown in figure 7
for 20% SF, - B80% He. Except for small values of

B,N, the E/N versus B/N curve increase linearly with
a slope of about E/B = 1 kV/cm Tesla.

In order to model the cathode fall, which for
ibnormal dlscharges contributes substantlallv to the
total discharge wvoltage. a one dimensional Monte-
larlo  code was used. With this code the electron
eneryy dlstributions and the transport and rate
~netticltents {n rhe <cathode fall reglon of glow
discharges tn a He.SF, gas mixture were calcu-

lated! The charge carrier densities and the curvent
densizies were computed by means of a contituum
nodel A self constistent solution for the cathode

fall was approached through an {terative procedure
The modeling procedure and the obtained distribution
of rate coefflicients, charge densities and current is
described {n detai{l {n reference (13}
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Fig. 7 Calculated reduced electric field intensity

as a function of reduced magnetic field
intensicy. p = 10 torr, 208%SF, 80% He

Figure 8 shows the calculated electric field
distributions for =zero magnetic fleld and a mapneric

fleld of 0.5 Tesla with an asswned current

of 1 A/cmz. The electric field for B=i is linear
except for the region adjacent to the posit.ve column
(negative glow). The cathode fall distance i{s verv
short compared to the cathode fall distance measured
for normal cathode falls and the electric field

fensity

intensity {3 correspondingly high. It reaches 135
kV/cm at the cathode. Application of a magnetic
fleld of 0.5 Tesla causes a reduction of the electric
field Intensity 1in the cathode fall contrarv to its

effect In the positive column. The cathode fall
voltage 1{s reduced to about 250 V, as compared to the
value of 500 V for the cathode fall in the magnect.ic

fleld free case.
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Discussion

In figure 9 the ctheoretical results for the
positive column and the cathode fall of a discharge
in a 20w SFS - 808 He gas mixture are compared to

the experimental values. In general, the experimen-
tal data and theoretical results appear to he in
agreement for wvalues of magnetic fleld wup to 0.5
Tesla. At higher values of magnetic field., the rate
of rise of wvoltage with respect to magnetic fleld
{ntensicty determined by the Monte-Cdarlo method
1.3 kV/Tesla) falls between the experimental wvalues

for 02 a/cm’ (1.6 kV/Tesla) and 0.6 A/cm®
(2.3 kV/Tesla). This discrepancy between theory and
experiment might be due to the fact that recomblna-
tion was not considered In the rate equation which
was used. Recombinat{on causes a reduction of the
electron density and therefore an increase in the
electric field screngch for the same current density.
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Fig. 9 Comparison of different discharge potential
components derived from Monte-Carlo
calculations to experimental results as a
function of magnetic fileld intensity. Voc

is the positive column potential, and Ver

1s the cathode fall potential.

In order to use this device as a switch the

current dens{ty should be larger cthan 1 A/cmz and
~he forward voltage should be relativelv low. With
simple brass electrodes and no preionization the
experimental set-up delivered current densities of

2 A/cm2 Jne method to Increase the current
density is cthe use of a hollow cathode. VWhen using
such a cathode {n the experimental set-up current
densitiva ten t!imes that obtained with the plane
~vlindrtcal cathode were obtained at approximatelv
1f zhe forward potential work done at GTE Labs
indicates that <curtent densi{ries ot several
nundred  amperes per square centimeter can be obtained
Jnen the gas is pretonized " la.

The efflctency or galn of a magnettcalliv con-
crailed  apening swiltch can »e Jdetined as che ratio of
rower delfivered bHv the switch to the load divided bv
the magnetic power raequired to operate the switch

ha
.

¢
20E)

JE
d 1 g2, 2
I (2 B/u) B ur

If the magnetic field inctensity. B, rising from zero
to 0.5 tesla In a «time r, would generate an elec-
tric fleld, E, of 0 5 kV/cm in the discharge for a

current density of 190 A/cm2 The opening zime.
r. required to get a gain greater than unitvy would
then have to be greater than « us The discussed
magnetically controlled switch would rtherefore be
sulcable for opening a circuit i{n rhe 100 us <o
millisecond range. The current could be scaled with
the discharge <cross section and the voltage “ith the
length of the positive column.

.
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THE INFLUENCE OF TRANSVERSE MAGNETIC FIELDS ON GLOW DISCHARGES IN He/SF ¢
GAS MIXTURES

K. H. Schoenbach®, T. Powers®. J. R. Cooper'®, and G. Schaefer

*Department of Electrical and Computer Engineering
0ld ODominion University, Norfoik, VA
**Maxwel ! Laboratories, San Diego, CA
***Polytechnic University of New York, WRI, Farmingaale. NY

ABSTRACT

The application of & magnetic fleld transverse to the electric field in an
lfonized gas causes a8 shift in the electron energy distribution towarcs lower
energies. This shift affects the transport and rate coefficients, ang
consequently the resistivity of the lonized gas. This effect could be utflfzed to
modify the resistance of glow discharges and to use them for high power

switching. In order to model the positive column of glow discharges in He/SFg
gas mixtures, Monte-Cario codes were uysed to determine the rate and transport
coefficients. With the obtained values the current density - eiectric fieig

characteristics of the positive columm were computed. Besides steady s3tate
characteristics, the transient dynamic response of the discharge due tc cranges
of the transverse magnetic fleld was stulied. To investigate glow discharges In
magnetic fields experimentally, a coaxfal discharge system was used which allows
application of axial magnetic fileids up to 1.2 Tesla. Measurements of the
discharge wvoltage and current In & 801 He/20% SFg mixture at a pressure of 8
torr were performed at varyling magnetic fleld Intensities. The discharge volitage
wa8s found to Increase with increasing magnetic fleld as predicted by our mocel.

KE YWORDS

Glow gischarge; SFg: magnetic flecld: cpening switch.

INTRODUCTION

Glow discharges are spatially characterized by four regions: the cathode rali,
the negative giow, the positive column, and the anode fall, The cathode fall

voltage, V.. Is for large current densities (} > | A/cml) on the order of
kilovoits over a dlstance o tvplically less than one miilimeter {(von £ngel,
1983) . Voltages across the recative giow and the ancde fall are negligibie. The
voltage drop (n the positivz rcolumn, where the electric field strength £ fs
constant, |s dependent on <~ : length of the <column, Control of the Gliow
discharge through magnetic zomtrol of the pcseitive column requires qQeneral .,
dlischarges with electrocde cvstance, ¢, large compared to the cathoue fa,
gistence. Since this part o the discharge can be consldered 89 8 homoge ecus
plasma, a condition which =’ ~ws tc use zero crier codes for moce!!ng,
theoretical stuoles concentrzte ; Inftial'y on magnetic control of rate ang
tran port properties in the pce © . colunn.
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The conductivity in the positive column s given by the product of electron
density. ne, and electron mobility, ua, with {fon contributfions neglected.
Both quantities are affected by the magnetic field. The dacrease of mobliifty
with Increasing magnetic fieid intensity B s usually expressed by the following
equation, where a constant collision fregquuncy, ve. 13 assumed:
\, C

> (
)

-
~——

e
. T o=
¢ m ch + (eB/m

e and m are the electron charge and mass, respectively, The effect of the
magnetic field on the conductivity through (ts [mpact on the electron density is
usually not considered as being essential. However, as will be shown, the change
in electron density due to magnetic field controlled electron generation and
depletion processes can affect the conductivity in a similar way as through
changes {n the mobility.

The concept for a magnetically controlled reduction of eilectron density and
consequent reduction of conductivity In the positive column of 8 glow difscharge
is based on the follcwing considerations. The electron energy gistritution
F(e ,E/N,B/N) in the positive column s shifted towards smaller electron
energles ¢, when a transverse magnetic field s applifed. This leads tc &
reduction of the {onization rate coefficgient, which is given as:

212
ki = % ; t{e,E/N,8 H)El/zci(c)de )
0
gy s the fonization cross section and N !s the gas density. |[f electro-
negative gases with attachment cross section peaking at low energies are used,
an increase in attachment rate wil!l occur, due to the shift in the electron
energy distribution. The attachment rate coefficlient s :
/72 . 1/2
ko= 2000 T ee En,BN)e o (e)de (3)
a m o a
with o4 belng the attachment crcss sectlon. Attachwment serves as an

additional mechanism to reduce the electron density. The effect of the magnetic
fleld on the carrier density could In this case - that means by using suitable
electronegative geses - be more effective In changing the conductivity of the
positive column than the change in mobliity as given in Equation (1).

COMPUTATIONAL RESULTS

Monte-Carlo calculations were performed to simulate the positive column of glcow
discharges in gus mixtures of He and S5F¢g at 10 Torr when a transverse magnetic
fleld s appllied. The gas mixtures., wnich were chosen for our stugies, were 201
SFg/B01 He, and 51 SFg/85% He at 10 Torr pressure. Sulfur he«aflucrice
(SFg) was chosen as the attacher for this work because of !ts strong atTochment
peak at a very low enrergy, and the fact that a total set of collisional cross
sections are more readiiy found than those for other candligate goses witn similar
attachment cross sectiona. For the first calculations SFg-cata comeiled by
Kline (1979) were used. The results of these calculations are publisreq by
Cooper, Schoenbach and Schaefer (1986), More recent caiculations are based on
SFg cross sections provided by Phelps (1985). Even though there were
differences In the two sets of cross sections, the computed electron energy

.
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distributions In the positive column were almost identical. The cross sections for
He, which serves as buffer gas, were taken from a paper by Hayash! (1981).

r ics

To describe the steady state characteristics of the positive column, spetial uni-
formity of electric and magnetic field Intensity was assumed. A Monte-Carlo code
was used to calculate the electron-energy distribution, fonlzation rate coeffl-
cient, attachment rate coefficient, colllsion frequency and arift delocity In the
mixtures of SFg and He. Because of the stesdy state situation and the homogene !ty
of the gas and the applied flelds, it |Is sufficient to simulate the motion of one
single electron. From ergodicity it can be assumed that 8 sufficiently long path of
this sample electron witl]l give information on the behavior of the entire electron
gas. Each run of the program considered 106 collisions. The range of the recuced
electric fleld E/N Investigated was 60 to 2400 Td and the range of magnetic flux
density, B, was from 0 to 9 Tesla.

Results of these calculation are shown In Fig. | for 201 SFg/801 He. The lcniza-
tion rate coefficient and the attachment rate coefficient are plotted In Fig. la
and Flig. 1b, respectively. The colliision frequency v. and the grift velocity
vg are shown In Filg. 28 and 2b a3 a function of recuced field between 50 ana 400
Td, with the magnetic field intensity 8 as parameter. The drift velocity srows the
expected decay with increasing magnetic field, however it is due to the reduction
fn collision freqgency with increasing B not as strong as predicted by the simpl!i-~
filed model(Equation ). The main effect of a magnetic fleld on the conductivity of
the electro-negative gas mixture seems to be the reduction of the effective loniza
tion rate coefficient (k; - kg), rather than the reduction of the mob(!ity ue.
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The computed rate coefficients k; and 2500 T N v
ke ¢an be wused In & slmolified
continuity equation for electrons. where
detachment, recombinstion and diffusion
processes are neglected, to calculate 2009
the equllibrium reduced fleld strength
E/N for the positive column of &

discharge plasma - a3 a function of 8/N.
This equilibrium E/N, or limiting E/N.
{s the electric fleld Intensity at which

due

_— - : l‘ = /4

oh hpAng -k Nng = 0 {4)
The results from such calculations are
shewn  In Fig. 3 for 201 SFg/80% He and
51  SFg/95%  He. Except for small
values of 8/N, the E/N versus B/N curves
Increase linearly with a sioce of E£E/B =

I (kv/cm)/Tesla and 0.25 ‘kv/cmi/Tesls,
respectively. That means that the appli-
cation of A& maqgnetic fleid of | Tesla
forces an increase of the appliedg volit-
age scross the positive colum of a glow

discherge In 201 SFfg/80% Me by | kv°d,
where d Is the length of the positive
colum In cm, In orger to sustaln the

aischarge.

|f the electrical circuit of
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the glow discharge does not aliow an Increase in voltage, the afscharge wili be
turned off by the magnetic fileld.

Transient behavior

To describe the temporai response of the positive column to the application of a
transverse magnetic flield, a Monte-Carlio code was developed where 04 electrons
were simylated {ndependently with appropriate gistributions of Inftial
conditions. The equilibrium electron energy distribution in the positive column
at zero magnetic ffleld was chosen as the initial distribution. This is, for 20%
SFg/80% He, the distributfon at E/N = |05 Td. At time t = 0 a step magnetic
field was applied and the temporal development of the energy distribution of the
Inftial 104 electrons was recorded unti| the distribution aporoaches the steady
state curve for the appiled magnetic fleld with the electric fleld being
constant. The temporal development of the electron energy distribution s shown
in Fig. 4 for E/N = |05 Td and B = 0.5 T ® u(t), where u(t) describes the step

behavior of the magnetic fileld.

007 LB ¥ T LE T LS La v Ly 1 4 L Ll T L4

BN E/N =105 Td

0.05 / /\\ B=05u)T .
. . ———— { 2 NnS -

I .
005 b =W\ e t =1nS ~

- et 2100 NS

i : :.' \t‘ .. Lz latimte

3.0¢

903

002

ELECTRON ENERGY DISTRIBUTION 118)

0.00

ELECTRON ENERGY eV
Fig. 4. Temporal change in electron energy distribution after

application of a step magnetic field of B8 = 0.5 T u(t)

The temporal change of the lonization rate coefficient k; end the attachment
rate coefficlent ko, are shown In Fig. 5. The rate coefficient ror attachment Is
mod!ified according to the ratio of attaching gas gensity Ng to tota! gas gensity
N to ailow dlirect comparison between electron generation and depletion rate In
this specific gas mixture. At t = 0 where these processes are In ecullitrium,
Ky ana ky®*(Ng/N} are equal. Quring the flirst nanosecond they both decrease
by the same amount, then, however the two curves approach different stesc, state
values, the reduced attachment rate coefficlient beling iarger by about & factor of
two, The temporal develcpment of the electrcn density can De estimated Dy using
the continuity equation:

N
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For asteady state values of k; 5 t
and ka this differentlal e 15 &
equat ion can be integrated z i <
analytically and the result f{s 2z : >

= ¥ . e e
ng = hg exp[ti(k; Tk, )t] 5 1o} &

The theoretical result corre- < [ §
sponds to an experiment where x [ "
the voltage 1{s kept at a con- z t o
stant value after the magnetic S osk W
field Is aoplied. This is the R |
situation which s character- o] t
{stic for capacitive discharce e | )
circults, Consequently., ' 3 w L J
capacitive discharge cirr . a < 0.0 bl £ 0.0
20% SFg/ 80% He glow ¢ arge 0 1°T1Mé?n )30 e
used as a switch shoulc n off N

()]

Computed temporal change of ionization
and reduced attachment rate coefficients
ki and ka x Na/N, respectively, and cor-
responding decay in normalized electrcn
density n/ng after the application of a
step magnetic field to an ionized cas
(80% He:20% SFg) at time T = 0.

A schematic of the experimental setup {s shown in Flig. 6. The glow discharge 1Is
produced by overvalting a radial gap, with the center rod being the cathode. The
cathoce area 1is about 100 cm?. The anode consists of a set of rods arranged to
form & cylinder around the cathode. The discharge (s ariven by a 50-Otwm cable.
It iIs designed to deliver voltage pulses of up to 40 kV with ns-risetimes to the
discharge chamter, A coll around the coasxial discharge chamber allows aoplication
of axlal magnetic fleids up to 1.2 Tesla. The discharge current |s measured with
a Rogowsiki-coll, the voltage across the discharge with a capacitive voitage probe.

-
-
[Je]

with a time constant of T = |00
ns when a magnetic r.=1d of 0.5
Tesla Is applled.

EXPERIMENTAL RESULTS

MAGNETIC FIELD
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1. 6. Laperimentd. sctup, sS1de view ¢nd end-0n view

After a large overvoitage 1s aepplled to the discharge chamber, the discharge
voltage and current asoproach a stieedy state (n some tens of nanoseconds charsc-
terized by a discharge resistance In the range of several tens cf Ohm. With
magnetic flelds spplied, the duration of the steady state phase |3 less cetermined
by the Jfscharge circuit (200 ns transmission line) but rather by transitlon Into
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a low resistance arc. The onset of the glow-to-arc transition varies statisti-
cally but generally It sets in earlier with Increasing magnetic fieid and higher
) current densities.

@
[ The measured stesdy state current-voitage characteristics for 80% He/ 201 SFg
) with the magnetic fleld strength as parameter is piotted In Fig. 7a. The data
[ points represent experinmental values with an error of about 10%, Oue to the uncer-
_ tainty In voltage data. According to our simpie modei for the positive coiumn
N (Equation 4), E/N and therefore the voltage -- at least In the positive colum --
. should not depend on the current. At higher magnetic fleld strengths, however,
N there {s a distinct increase of voitage with incressing current. This current den-
K sity dependent effect might be due to the increasing importance of recombination
~ processes. which have been neglected In our calculations,
2 The voltage (s rising with increasing magnetic fleld as expected fram our theo-
: retical studles. Besides this qualitative correspondence there {s a reasonable
-~ agreemant between theory and experiment wlith respect to the rate of change of elec-
$ tric fleld with Increasing magnetic fleld. In Fig. 7b the theoretical E/N versus
f B/N curve s compared with curves derived from exper!mentally obtained values at
: current densities of 0.6 A/cm and | A/cmz. For these curves It was assumed that
. the positive colum extends over the entire distance between the electrc.jes and
4 that E/N s constant in this region. The agreement in the siopes of exper |men-
. tally and theoretically obtained E/N versus B/N curves becomes better with
- increasing current density.
-
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CONCLUS I ON

“ ¢

< Theoretical! fnvestigations of the positive column {n a magnetically controlled

:: glow dlscharge In SFg/He have been performed, both stesdy state and time

> dependent . The steagy state calculations indicate that a magnetically Induced
fncrease In electric fleld strength, corresponding to an increase In resistance,
cf asbout | kV/Tesla can be expected In & 201 SFg/80% He mixture. This resuit Is

In aqQreement with our experimental observations (Fig. 7). The measured rate of

.
I change 1In voltage with magnetic Fleld Intensity apove 0.3 Tesla aporoaches the
j- value 2 kV/Tesla at a gap distance of 2 cm. At current densities In excess of |
) A/cmé, corresponding to currents greater than 100 A In our system, It is
’, expected that the voltage across the Jischarge !s determined more and more by the
cathode fall rather than by the positive column. Therefore, and because of the
" Importance of this region for the stablility of the discharge it |s planned to
. expand the theoretical and experimental Investigation to the cathode fall. The
- time-dependent Investigations of the positive column give an estimate of the time
N scale of the dynamic response of the plasma to changes In the magnetic fleld for a
.ﬁ constant electric fleid. A typical time constant for the decay of electron
vy density in the positive column Is 100 ns for applied magnetic flelds of 0.5 Tesla.
j Both experimental and theoretical results Indicate that It {3 possible to use
o magnetically controlled glow dlischarges as opening switches for inductive energy
" storage systems or as a means to shorten the recovery time In low pressure closing
- switches operated at high repetition rates. A problem which Imposes restroints to
fﬂv their use as switches Is the relatively high forward voltage at zero magnetic
field, which In our system |s greater than one kV and Is increasing with current
. Jensfty. A considerable contribution to this voltage comes from the cathode
j} fall. A way to reduce the cathode fal! voltage without sacrificing currcent
-.. density is to use a hollow cathode (Schaefer and co-workers, 1984). First
. exper iments with a hollow cathode showed that the discharge voitage with no
-+, magnetic fleld applied 1s reduced by a8 factor of two. We assume that further
;; reducticn of the forward voltage drop s possible by optimizing cathode material
. and geometry, and gas composition.
[\ "~
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ANALYSTS OF THE CATHODE FALL OF GLOW DISCHARGES IN A Hc/SF6 GAS MIXTURE

S. T. Ko, K. H. Schoenbach, V. K. Lakdawala and H. Chen

Department of Electrical and Computer Engineering
0l1d Dominion University, Norfolk, VA 23508

Vata - sl o

ABSTRACT

A Monte-Carlo code was used to calculate the electron energy distributions :ind
the transport and rate coefficients in the cathode fall region of glow discharges
in a He/SF. gas mixture. The charge carrier densities and the current densities
were computed by means of a continuum amodel. Through an iterative procedur= a
self consistent solution for the cathode fall was approached. In order to study
the 1influence of externally applied magnetic fields on the cathode fall, the
calculations were repeated for a transverse nagnetic field of 0.5 Tesla.

Padl i S s

KEYWORDS

Discharge modeling, cathode fall, SFG' magnetic field
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INTRODUCTION
Glow discharges are spatially characterized by four regions: the cathode f{all,
the negative glow, the positive column, and the anode fall. The power
consumption in the discharge is to a large extent determiged by the processes 1in
g the cathode fall region. For current-densities 1 A/cm” the voltage V_ in the
' "abnormal” cathode fall reaches values in the crder of kV over the disfance of
less than one mm (von Engel ,1983).

g There are numerous efforts to model glow discharges (Davies, 1986). Since the
< positive column can be considered as a homogenous plasma, the calculation of
transport and rate coefficients in this part of the discharge requires only the
’ use of zero-order Monte-Carlo codes (Cooper, Schoenbach, and Schaefer, 1986). In

the cathode fall region, the electric field near the cathode is very aizh and

varies rapidly 1in space. It is therefore not permissible to use cathonde fall
models which assume equilibrium of the charged particles with the eluactris
field. The fall chariacteristic should be studied by microsceopic method:s such as

Monte-Carlo techniques or the Boltzmann equation,

k Monte-Carlo simulations of the cathode fall have been perforaed by Tran and
co-workers (1977), Davies and co-workers (1980), Boeuf and Harode (1982), Segar
and co-workers (1983), and Razdan, Capjack, and Seguin (1983). All of these
studies, however, were performed for '"normal" cathode falls in He, assuming
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a voltage of about 400 V over . distance of | em.  We have developed 3 sold
consistent, steady stiate model of the abnormal aathode fall in a pas dischar e
which is operated in a gas aixtare contatning SE . Beciause of the potential
importance of glow discharges in electrancgative )gnsos for switches (Cooper,
Schoenbach, and Schaefer, 1986) and for semm;onductor processing, we have also
studied the effect of a transverse magnetic field as A means to control the
density and energy distribution of charged particles in the cathode fall region.

METHOD

In figure 1 the modeling -

procedure is shown in form of a " stamr
flow-diagram. The initial “7‘—‘

electric field was assumed to r
be linearly decreasing over a : ﬁff;”$f~gg:?gg;;
distance of 0.5 mm (cathode L |
fall) and then to stay constant !
(positive column). Its maximum MiKE AATE & TRANSPORT COEFF TaBLE |
value, at the cathode surface, ! SYTE CAALD COCE-ZERO ORCERMI
was set to 18000 Td, according 1
to a cathode ‘fgll voltage of SALCLLATE BCUMCARY CONDITION |
1.5 kV. The minimum value, the | (RATE EGLATIONS!
electric field 1in the positive }
column, was calculated by means N

CETERMINE RATE 2 "RANSPORT CQEFF
of a zero order Monte-Carlo ! | [MOWTE CARLO £ORE-FiAST ORQERI
code. For a 80% He/ 20% SF , T
gas mixture at a total pressure
of 10 Torr it was found to be : CALFcUc".:LENJ]?:“S;J.?.%:SJ;“ES
105 Td (Schoenbach and ‘ ¢
co-workers, 1987). These \ N
calculations and the ones o QELTAvz(=y el

described in the following were

based on crogs-sections ——
for Vibf&thﬂﬂ? and electronic ]_3%$;L§WB Ll<::::EE;Ahenm
excitation, ionization, T *M0 ‘01 -
attachment, and momentum {
transfer provided by Phelps T T T
(1985). The rate coefficients “szangSQSSLNI:
for ion~ion recombination and ¢ J
for collisional detachyent verse [ 1 —
assumed, t oqbe; 2 x 10" em” s { CELTArEl €l |
and 10 ~ cm"s respectively.

The rate coefficient for e
electron-ion recombination Wwas | ,.- ac..ire tme< " criva. CRRS L e gty
taken from a paper by Biondi %-~—1:;r~ - - : R
(1982). The ion-molLilities .-

wera obtained from compilation - )

by Ellis et al.(1976).

The cross-sections for le, which

serves as buffer gas, were taken Fry, 1. Fiow diagroan
from a paper by Hayashi (1981). mode Ling.

for the discbiar e
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A one dimensional Monte-Carlo code was gsed ©o obtain  the electr onoroT
distcibutions as a function of position aleng the discharge axi.. '
Ensenbles  of 500 to 10000 clectrons were soeded at the cathode to simnlite -

cathod2  fall. The initial distribution of the electrons, whea leaving the
cathode, was assumed to be constant between O and 10 eV and zero for hi‘her
energies (Hagstrum, 1956). Knowing the eclectron distribution functions allowed
to calculate the rate coefficients, such as ionization and atrachment rate
coefficient, and the electron drift velocity as a function of pasitinn. These
data were wused to determine the spatial distribution of electrons, positive and
negative 1ions, and the current densities for the different species by means of a
set of continuity equations. Processes considered in the continuity equations
are  ionization, electron-ion and ion-ion recombination, attachment and

i

collisional detachment. Integration of these equations was performed by using
the previously calculated values for the particle density and the current Jensity
in the positive column as boundary values. The 1initial electric field

distribution was then modified to match the condition for total current density
along the discharge axis:

dJ/dx = 0 (1)

The boundary condition at the cathode 1is determined by secondarv ionization
processes that can occur at this electrode. Neglecting any photon prucesses, the
voundary condition at the cathode is given by:

J,(x=0) - Y J,(x=0) (2)

here Je and J, are the current densities for electrons and positive ions,
respectively, and y, is defined to be the probability of electron emission per
incident ion. 1In ofder to satisfy this condition for a certain y, the cathode
fall distance was adjusted leaving the t

electric field distribution wunaltered

in the newly defined cathode fall L0000~ e r
region, ' b

[EEN
The procedure described in the T 0000 i aee )
paragraph above 1is then repeated to < P
obtain a new set of solutions for = 1 T8 R Tesic )
particle and current density, which o TN
match the boundary conditions better. - ‘
By means of Poisson's equation the x moooL *\ . .
electric field distribution is e i \ N
subsequently modified and the o ' -
simulation is performed again. By OL_____Lilﬁz_:::::-1N";r::-~Tc:_
carefully choosing the initial field oo 22 0¢ e 3 e
distribution 1t seems to be possible to POSITION cm

obtain a reasonably accurate, self
consistent, result for the electric
field and the particle and current Fig., 2. Flectric field distribution

distributions after the first set of in tihe cathode fall and
1teriations. positive cnlumn.
RESULTS

Figure 2 shows the calculated electric field distributions for zero magnetic
field and applied transverse magnetic field of 0.5 Tesla., The electric field tor
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B=0) 1is, after the first set of iteratinns stiltl Dinear excepl the pars oo
to the positive column  (negative glow), however, the cathade Fall d|<t:ﬁc~ -
shorter than the assumed fall Llength oy ubout 1 factor of LWy, A1k, *he
electric field intensity at the cathode surface is reduced by a factor o 1.5,

The charge carrier distribution is plotted in Fig. 3. As expected, the elecrroun
density 1in the cathode fall region decays rapidly in the direction towaris the
cathode. The negative ion distribution is similar, due to low attachmen:t rata 11
the high field region 1in the vicinity of the cathode. The distribution nf the
positive ions does not vary that drastically, however, it is certainly not
constant over the cathode fall distance, as assumed in early cathode fall models

(Ward, 1958).

The carrier
the electric
a high momentum which causes
order to satisfy the current

field in this region.

condition

Q)

distribution in the negative glow is very sensitive to variations in
The electrons leaving the cathode fall carry
a high ionization rate in the negative glow. In

density

small electric field

intensities or even reversed fields must be assumed to obtain a self-consistent

.
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Fig. 3. Charge carrier densities in the

cathode fall and positive cathode

colunn. column.
solution. On the other hand the attachment rate can reach very large values
the electric field is lowered too much. This makes it

the electric field in this region.

Current densities for electrons,

Fig. 4.
the current (50%) even 1in the
than electrons.

current at the cathode surface satisfying the condition in equation ..

Fig. 4. Current

negative and

positive
Most remarkable is that according to our calculations a large portion of
positive column is carried by SF
The electron current reduces to value of .0l of the positive

densities in the
fall and positive

4

very difficult to adjust

ions, Aare shown in
ions rather

ron
5

For these calculations it was assumed that influence of the magnetic field
generated by the discharge current can be neglected and that no external mugneti:
field 1is applied. It is known that magnetic fields can Jdrastically ~hanue the
discharge characteristics through their impact nn the eolectron ener,y
distribution function (Allis and Allen, 1937). It was found thaz 1n 1 3as
mixture containing SF,, the application of magnetic fields transverse to the
ealectric field causes an increase in the limiting or equilibrium electric Tield
intensity in the positive column of a gas discharge (Raju aad Dincer, 1945:
Cooper, Schoenbach and Schaefer, 1986). In order to explore its inflnence on the
cathode fall the simulation described above was performed for 1 croecied Yretd
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configuration, with a transverse magnetin field of (0,7 Teslia applied,

Fig. 2 shows the electric field in the cathade fall region. The =igno
obviously causes 1 reduction of the electric field intensity in the cat .,
contrary to 1its effect in the positive column (Cooper, Schoenbach and <c .1 -,
1986). The cathode fall voltage is reduced to about 250 V, down from ~0v

the cathode fall in the magnetic field free case.
In Fig. 5 the electron drift velocities for the case with and withour aisne: .-

field are compared. The electron drift velocity is lowered in crossed 1ol is
over the entire discharge length, except close to the cathode, by about 1 far: - r
of 4. Fig. 6 shows the ionization and attachment rate coefficients for 3= i
B=0.5 Tesla. The application of a transverse magnetic field obviously leiis =
reduction of the 1ionization rate and an increase in attachment. These ~"iiaes
are caused by the shift of electron energy distribution towards smaller
107 ¢ ~ — ) ————— e .
t : ! :
. -~ g0 : _4r IONIZATICN RATE :
- - — 8355 Tesia . 0 -e- g:t :
S~ . ; [ =5 LN e .
. ., T~ » w"r")_(\ °. A ,
R N ] e Yo e
-~ : M ; . .
: : ~ - \
< 0 v : & 9 3 e b
Sb . _ Rl PGB &
- 7 T - vy H P ¢ "L'"‘:"H T
> wels . F L ~er ‘ *
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Fig. 5. Electron drift velocity in the Fig. 6. lonization and attachment rite
cathode tall and positive coefficients in the <athole
column. fall and positive column.
field 0!’

energies when a magnetic field is applied perpendicular to the electric
the discharge (Cooper, Schoenbach and Schaefer, 1986).

CONCLUSION

A simulation technique for the cathode fall of glow discharges has been develaped
which allows wus to obtain a self consistent solution for the cathode U410,
Xnowing the gas properties (crnss sections, rate coefficients) and the rleoctram
emission processes  at the cathode (v -coefficienzs) the urrent-volnaee
characteristic for the cathode fall can be derived. The methad can easils to

extended to simulate the entire discharyge,

The simulation technijque was applied to o gas duscharge a0 v g g
containing SF,_. The cathode fall distance at current densities ot 1 4 7 o,
much smaller "than it was assumed for normal cathode fails 1n e ({ran nd -
workers, 1977). The electric field intensity for these abnoraal olow oo o
reaches  values of more than 30000 [0 at the cathode surtace, tar ahove Lhe vyl ey

which are assumed for normal glow discharges in noble sases. The applicaroon o
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transverse magnetic  fields ~auses o reduction of the cloatric field v oLy
tie cathode region and an  increase  ia the density of aeuative 1onq o Ty
electrode. This result indicates that magnetic fields could he nsed o0 o e
the density and energy of negative ions in plasma devices for scmi-aniuct o

surface processing.
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THE EFFECT CF TRANSVERSE MAGNETIC FIELDS ON GLOW
DISCHARGES IN ELECTRONEGATIVE GASES

K. H. Schoenbach, T. J. Powers S. T. Ko, and V., K..
lakdawala, Old Dominion University, Norfolk, Va.

The effect of a transverse magnetic field on the
steady state characteristics of glow discharges in
He/SF6 gas mixtures was studied experimentally and
theoretically. A ooaxial discharge system was used
which allows application of axial magnetic fields up
to 1.2 Tesla. Measurements of the discharge voltage
and current in a He/SF, mixture at a pressure of 8
Torr were performed at vazy}ng magnetic fields, At
current densities of 1 the discharge voltage
was found to increase w1fJ1 increasing magnetic field
at a rate of 2 kV/Tesla far a gap distance of 2 am.

A one-dimensional, self oonsistent discharge model
was developed. Monte-Carlo codes were used to
calculate the electron energy distributions and the
transpart and rate oocefficients in the positive
colum and in the cathode fall. The charge carrier
densities and the current densities for electrons and
ions along the discharge axis were subsequently
camputed by means of a contimuum model. A self
consistent solution for the cathode fall was cbtained
through an iterative procedure The calculations were
perfarmed for discharges in 80% He/ 20% SF. mixture:
with no external magnetic field and t.gansve:sel
magnetic field of B = 0.5 Tesla, respectively.

The calculation of the electric field in the
positive colum gave values of 100 Td for B = 0 and
increased to 300 Td when a magnetic field of .5 Tesla
was applied. In the cathode fall region the
application of a magnetic field had the opposite
effect on the electric field intensity. At the
cathode surface values of 35000 Td were cbtained in
the magnetic field free case compared to 20000 Td for
the discharge with B = 0.5 Tesla. The cathode fall
distance was with 0.3 mm about the same under both
corditions. The electric field results of the
discharge simulation agreed well with the field
\ values obtained from measurements of the discharge
! voltage.

*Supported by the Office of Naval Research under
contract No. N00014-85-K-0602.
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APPENDIX F

Abstract of Presentation at 1987 Gaseous
Electronics Conference, Atlanta, GA, October 1987.
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0y Analysis of the Cathode Fall of Abnormal Glow
: Discharges in an Electronegative Gas*, K. H. Schoenbach
., and Hao Chen, 0ld Dominion University, Norfolk, VA,
o -~ The cathode fall and the positive column of a glow
discharge in a SF,./He gas mixture was mogeled for
! current densities”in the range of 1 A/cm™. A one
o dimensional Monte-Carlo code was used to calculate the
.

) electron energy distributions and the transport and
, rate coefficients as a function of position in the dis-
charge, assuming a linearly varying electric field in
- the cathede fall region. Subsequently the charge car-
rier densities and electron and ion current densities
were computed by means of a continuum model. The
.o results were used to correct the assumed electric
field distribution and through an iterative procedure to
approach a self consistent solution for the cathode fall.
. The influence of a transverse magnetic field on the
glow discharge was studied with the same technique.

$ The calculated discharge voltages were compared with
: experimentally obtained values.
A *Research sponsored by the Physical Electronics Re-
o search Institute at ODU and by the SDIO/IST under the
b management of ONR.
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