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Properties of a differential pressure pseudospark device
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A differential pressure pseudospark device is developed to produce a discharge at a pressure of
10" * mbar near the anode. This pressure range is two orders in magnitude lower than conventional
pseudospark devices. In this device a pressure gradient is maintained between the cathode and the
anode by providing a gas flow through the discharge column. The pressure gradient helps in shifting
the Paschen curve more towards the left in comparison to the conventional case. The empirical
relationshipVe (p?dD) ~2, valid without a gas flow, is not applicable when the pressure difference
between the cathode and the anode is over two orders in magnitude. Self-biasing collector technique
reveals the presence of energetic electr@4—1.2 keV present in the plasma downstream of the
anode. The nature of this plasma at two distinct pressure ranges of operation of the device shows
marked difference in properties. A qualitative discussion is presented that explains the possible
discharge mechanism in this device. ZD00 American Institute of Physics.
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I. INTRODUCTION breakdown. All the above methods require an external power

. source for producing the primary electrons necessary for
A pseudospark device takes advantage of the hollo P g P y y

cathode effect in producing a discharge towards the left-han reakdown.

branch of the Paschen curve. The discharge is characteriz% ; Anott.htler approach to thetﬁbolve ptfblfir] 'SJ.O T]alntaln all
by the formation of high current densities over short time imerential pressure across the length of the discharge col-

duration. The temporal evolution of the discharge passed™n itself. This can be achieved by a simple mechanism of
through different statek? When sufficient energy is deliv- 92s flow. In one of the reported experimérthe gas was

ered to the electrode system then high-density electron beattroduced from the backspace of the cathode and pumped
can be extracted from a small hole drilled in the andde. down from the anode side. In this case the pressure near the

The operating pressure regime of this discharge is typicallgathode will be much higher than the pressure near the anode
higher than 102 mbar!~* The electron beam generated by (since the gas is pumped from the anode sidais leads to
this simple method finds a large number of applicatibls. a pressure gradient along the discharge column. However,
However, application of this device, such as in interactionthe operating pressure range that was measured near the an-
with materials in high vacuum environment (X0mbar)  ode was in the conventional pseudospark pressure Fafige.
will require a differential pumping arrangement between theFurthermore, there no report exists on the effect of pressure
device and the interaction regidtR). This limits the appli-  gradient on the properties of the discharge. The differential
cation to the operating pressure range of the device. pressure pseudospark devi@PPD adopts this principle in
. It is possible to ag:h'leve a dlfferentlgl pressure by reduc'producing a large pressure gradigiabout two orders of
ing the _anode-hole S'Z@'e'i by decr_easmg the Co_nductance magnitude along the discharge column. This is achieved by
of the discharge columrmwhile pumping from the side of the . .

. . : ..introducing the gas from the backspace of the cathode and
IR. However, drastic reduction of the anode hole size will .

pumped down through the small conductance of the dis-

limit the extraction of energetic species from the device. An h | ¢ th de side. In thi th
alternative approach to this problem is to operate the devic&Narge column from the anode side. In this case the pressure

itself in a pressure range, identical with the pressure of th&'°Nng the discharge column will not be uniform as compared
interaction region, without actually modifying the device. to conventional pseudospark devices where the gas feed and

In order to operate the device at sufficiently low pressuréh€ Pumping is done from the anode sfdin DPPD, this
(less than 10%2mbay with ionization mean free path for Pressure gradient along the discharge column helps in pro-
electrons exceeding several times the system dimension wiliding a pressure range identical to normal pseudospark dis-
require additional source for ionization. This is possible tocharge near the cathode, whereas the pressure near the anode
achieve by injecting externally produced electrons from aremains low at 10* mbar. With this configuration, the re-
pre-discharg&or by a surface flashover leading to ionizing quired breakdown voltage of the gas at sufficiently low pres-
energetic photons inside the hollow cathode. The primangure near the anode (1®mbar) is reduced, without any aid
electrons injected into the discharge column can bring dowfirom an external ionization source. The article reports on the
the E/p (E=electric field; p=pressurg ratio required for properties of DPPD, which is operated as an alternative
method to obtain the discharge at sufficiently low pressure
¥Electronic mail: fcipt@plasma.ernet.in near the anode.
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IR P FIG. 2. Dimensions of the differential pressure pseudospark device.

Hil gas is introduced inside the discharge column. In this way
VP the differential pressure is mapped for the system. Figure 3
: shows the mapped pressure values for four inter-electrode
V:D GND configurations.

GND

B. Electrical circuits and diagnostics

PERSPEX . L . P

The electrical circuitry is schematically shown in Fig. 1.
BRASS For the experiment €40 nF (inductance=20nH) a single
STAINLESS STEEL Maxwell capacitor(100 kV) is used. The voltage is applied
to the discharge electrodes by slowly varying the input pri-

FIG. 1. Schematic of differential pressure pseudospark device=g@86  mary voltage of a 20 kV, 250 mA transformer. The break-
feed, NV=needle valve, PG=pressure gauge for measuring pressure neary

. own voltage is measured using a Tektronix make high volt-
anode, PG.2pressure gauge for measuring pressure near cathode, . .
K=cathode A,=anode, G-**O" ring, C =collector, VP=vacuum pump, age prObe(P 6019 with a bandwidth of 75 MHz. The
PS=power supply, R-current limiting resistor, CP=current probe(dis-  currents are measured using Pearson make current probes
charge current CP.2=current probefor measuring current near the down- (model-41). A movable disk shaped titanium collector
stream of the anogeGND=ground, and IR:=interaction region. (diameter40 mm acting as a probe is placed downstream
of the anode. The collector is kept grounded for measuring

Section Il describes the experimental setup, diagnostic§pe cyrrent. The energy distribution of the charged species is
and the design of the device. The experimental results are

presented in Sec. Ill. The results are discussed in Sec. IV.

] T T ! ! "o?]
Il. EXPERIMENTAL SETUP [ -.
A. Differential pressure pseudospark device 1 E Reglon'"..'

The schematic of the device is shown in Fig. 1. The o o’
device is comprised of a hollow cathode “K” and a disk é ol . ¢ i
shaped anode A,’ with a central axial hole with = ot
dimensioft as mentioned in Fig. 2. The gap between the % [ *
cathode and the anode is comprised of brass and Perspe® | f Region -1
disks alternately stacked together with “O” rings in between  %0f 3
for vacuum tightness. This arrangement capacitively divides i
the voltage across the gap. Thg-K gap is adjustable by
varying the number of intermediate brass and Perspex disks 13!l — oo e e L
1E-5 1E-4 1E-3 0.01 0.1

The gas is introduced from the cathode backspace and cor
. .. p {mbar)

trolled with a precision needle valve. The pressure near the snode

anode is measured with a set of Pirani and Penning gaugess. 3. pifferential pressure plof e pressure measured using

PG.1
and the same is measured behind the cathode from where thear anodeP,.s=pressure measured using PG.2 near cathode.
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TABLE |. Knudsen’s number for the estimate of gas flow through the de-TABLE II. Flow condition near the cathode and the anode for three differ-
vice, a is the diameter of the discharge column ang, is the mean free  ent points in Region | of the Paschen curve.
path of the gas atoms.

Points A B C
Amp/a<1 Viscous flow range 5
Amip/a>1 Molecular flow range ressurdmba) Ay, Type N Type of  Apgp Type of
0.01<\ gy /@< 1.00 Transition flow range (m offlow (m)  flow (m) flow
Near anode 15 mol. 1.16 mol. 0.13 mol.
Near cathode &3 mol.  4e-3 mol. 1.2%-3  trans.
obtained by self-biasing the collector by grounding through (apprx)

noninductive carbon film resistances. The wave forms are
captured using a Tektronix make digital storage oscilloscope _ _ _
(DSO) (TDS 320; bandwidth 100 MHz, 500 M Sa/S and are B. Electrical properties of the discharge

then transferred to the computer. The characteristic discharge voltage and current for two
different regions of the Paschen curve are shown in Figs. 5

ll. EXPERIMENTAL RESULTS and 6. The discharge current and the voltage in each of these

A. Differential pressure regions undergo a damped oscillation. The ringing discharge

_ current is partly due to external circuit parameters and partly
Figure 3 shows a plot of the pressures measured at tW@ye to time varying inductance and resistance of the dis-
ends of the discharge column by varying gas feed from th%harge. In this case the resistance of the cirdR{ mQ)
bapkspace of the cathode. The pressures indicated along th(=_<2 /L/C. Thus the discharge current rings before it damps
axis are the pressures that are measured near the anode Ui§%ero. This means that the electron motion along the dis-
pressure guage PG.1. The corresponding pressures measuggdrge column changes its direction after each half cycle. In
near the cathode using pressure gauge PG.2 are plotted alofgs case the negative peak of the discharge current indicates
they axis. Due to a significant difference in pressure at thgpe electron motion towards the anode. The current signal
two ends of the discharge column, the flow condition con-gptained at the grounded electrode placed at 20 mm down-
tinuously varies from molecular, transition, and ViSCOUSgtream from the anode shows a negative going sigrat-
range. Depending on the type of flow through the discharggon current that corresponds to the negative peak of the
column, the curve is broadly classified into two regions. Re'discharge current. The current signals decay in magnitude in

gion | is identified for a pressure range below f@nbar g ;ccession, as the oscillatory discharge current decays with
while Region Il corresponds to a pressure range abovgme.

10 3mbar. An estimate about the type of flow is obtained
from the Knudsen numb¥tas shown in Table I.

Figure 4 shows the Paschen curve for the two region
described above. The flow conditions at the two ends of th
discharge column for three arbitrary points in the Paschen In Region | of the operating pressure regime, the initial
curve are listed in Tables Il and Ill. Table Il corresponds toelectron current signal at the grounded collector is much
Region | and Table Il corresponds to Region |l of the Pas-smaller than successive current sign@gy. 5). In Region I
chen curve. The figures indicate the flow regime along thehis is comparatively much larger in magnitude than in Re-
discharge column at different points in the Paschen curvegion | (Fig. 6). A positive ion current at the grounded col-
The type of flow is almost molecular in Region |, whereaslector is also observeFig. 7) when the collector is placed
Region Il is characterized by a mixed type of flow along thevery close to the anodd0 mm). This indicates the possibil-
discharge column. ity of the grounded collector transiently behaving as the

anodé! or it is due to ion current from the plasma reaching

o Properties of the electron current obtained at the
grounded collector

A B A the electrode.
10 g | —*— Regont |7 The multiple electron current pulses at the grounded col-
A —=— Region-ll | | lector are designated as first, second, third, etc. depending on
sl . their order of occurrence in a single discharge. Figures 8 and
| ] 9 show the plot of these peak values as a function of collec-
ol i tor distance from the anode. The first electron current pulse
Ve | ] in Region | is present only at a distance of 20 mm from the
4 -
B F ] TABLE lll. Flow condition near the cathode and the anode for three differ-
) \Iﬂ\IQI E c ent points in Region Il of the Paschen curve.
Points E F G
e T — s Pressurdmba) Ap, Typeof Ay,  Typeof Ny  Type of
1E-5 1E-4 1E-3 0.01 0.1 (m) flow (m) flow (m) flow
p (mbar)

Near anode 0.014 mol. 16853 Trans. 3.8—4 Trans.
FIG. 4. Paschen’'s curve;p=pressure measured near the anode, Near cathode 8—-4 Trans. 1.14—4 Trans. 1.76—5 Visc.
V,=breakdown voltage.
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FIG. 5. (i) V,=breakdown voltage(ii) |4=discharge current, andii) |,
=electron current for Region | of the Paschen curve.
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FIG. 6. (i) V,=breakdown voltage(ii) |4=discharge currentfiii) I,
=electron current for Region Il of the Paschen curve.
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FIG. 7. (i) Typical discharge current wave forii,) current collected by the
grounded collector for Region | at a distance of 10 mm from the anode.
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anode(Fig. 8. Whereas in Region ll(Fig. 9 this is ob-
served even when the collector is placed at a distance of 120
mm downstream from the anode. Furthermore, the magni-
tude of the current pulses that has originated earlier decays
faster in comparison to the following pulses with increasing
collector distance from the anode.

D. Energy distribution of the electron current at the
grounded collector

In order to confirm that the measured current peaks cor-
respond to energetic electrons emitted from the device and to
obtain an estimate of the energy distribution that constitutes

140 -
—e— first peak
120 - —m— second peak 7
—A— third peak
100 - -
—~ 80 - B
<
> L ]
£
e 60 A _ -
=3
] 3 4
N \ -
| A
20 - \ E
| . - ]
o - -
1 A 1 n 1 L 1 n 1 1 1
20 30 40 50 60 70

d (mm)

FIG. 8. Fall of peak values of electron currehj,,c, for Region | of the
Paschen curve with increasing collector distart&pom the anode.
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FIG. 9. Fall of peak values of electron curreh,, . for Region Il of the
Paschen curve with increasing collector distartc&pm the anode.

the current at the grounded collector, a self-biasing collector \. °
technique is usetf. In this case the collector is grounded
through various noninductive resistances. The maximum ; ! . ! . 1 . L ,
electron current is obtained when the collector is directly 0.4 0.6 0.8 1.0 1.2 1.4
connected to the ground through flat copper strips having E (keV)
negligible resistancgless than 5 ). When grounded
through resistance, the electron current reduces in magnitudeG. 11. Energy distributiofi(E) of the second peak of electron current for
and correspondingly a negative voltage appears across tfgion | of the Paschen curvle.as=approximate voltage of the ener-

. . etic species developed across the resistor.
resistor. Figure 10 shows the fall of second peak of beard
current for Region | as a function of external resistance in the
circuit. From this curvell,/dV is estimated. Here, I}, is keV. This value corresponds to the maximum energy of the
the current collected by the collector amd=(f1,dt/fdt) electrons, as the collector cannot be biased more than this
X R is the self-biased potential of the collector with respectvalue using self-biasing technique.
to the ground. Here the integration is over the total duration
of the current pulse. From this estimation the distribution
function ‘““f(E),” is evaluated using established |v. DISCUSSION
technique$*!*as shown in Fig. 11. HerE=eV, is the en- _ _ o
ergy of the electrons. The distribution curve indicates the - The_ role of differential pressure in discharge
presence of energetic electrons having significant spread iﬁ)rmanon
energies. A major part of the current is comprised of slow  Unlike a conventional pseudospark device, the gas flow
electrons having energy up to 400 eV. The maximum eneris varying along the discharge column. Since flow conditions
getic electrons constituting the current are approximately 1.2re varying, theE/p ratio will also vary along the length of
the discharge column. Thus it is more likely that the dis-
charge initiates in the region where tB2p ratio is mini-

120 | i mum. This initial discharge can provide the necessary pri-

| e } mary electrons required for ionization at low pressure near
100 - i the anode. In the same setup, the discharge was not obtained

at a pressure of 10 mbar near the anode when the gas was

__eor . introduced from the anode side. However, discharge was ob-
:50 tained when the pressure near the anode was much higher

g’ 60 [- . (0.1 mbaj. This shows that flow of gas through the dis-
s ]

charge column is necessary to obtain a discharge at very low

pressure near the anode. This is possible only if the gas is
1 \\ ] introduced from the backspace of the cathode and pumped
or — e Y 1 from the anode side.
. ] The empirical formul® for a multi-gap pseudospark de-
0 20 40 60 80 100 vice (in the conventional pseudospark pressure range and in
R, 1erne (ORMS) the absence of a gas flpus given by
FIG. 10. Fall of average electron currehy,, eage With external resistance V= - for h/D>1.
Rexterna/in the circuit. (p?dD)?’
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FIG. 13. Left-hand branch for Region | of the Paschen curve.
FIG. 12. Left-hand branch for Region Il of the Paschen curve.
that this empirical formula, unlike DPPD, corresponds to the
s , case where there is no gas flow.

Here breakdown voltageV"” is expressed in kV, pres- In Fig. 13, the calculated pressur@egion ) lie closer
sure “p” is expressed in Torr, anode—cathode gaf,™ {4 the pressure measured near the cathode. However, the
depth h and the dlam_eter of the hollow cathode are ex- 5y ailable voltage near the cathodeefore breakdownis
pressed in mm, respectively. In the present da@=1.2  opjy one-fifth of the voltage across the main gap. Hence
>1, d=~85mm, D=35mm. Using this formula, pressupe  there exists a significant deviation between the calculated
is calculated from the breakdown voltages, for each region ifyressures and the pressures measured near the anode. Thus
the left-hand branch of the Paschen curve. The breakdowshe empirical relationship/o (p?dD) 2, valid for a uniform
voltages are then simultaneously plotted for these calculategkessure along the discharge column, is not applicable when
pressures, pressures measured by PG.1 and PG.2, separathly pressure gradient along the discharge column is over two
for Regions | and Il of the Paschen curve as shown in Figsorders of magnitude. Hence, the possibility of an entirely
12 and 13. different kind of mechanism prevails in this device.

The calculated pressure using this empirical formula cor-
responds to the maximum voltage across the gap. In the cag Energetic electrons
of DPPD, the pressure is continuously decreasing in magnt-— pe self-biasing collector technique indicates the pres-
tude from the cathode towards the anode. Thus at a glvetg

gi o h hode. th lculated houl nce of energetic electrons having a significant spread in
Istanced from the cat 00€, the calcu ate_ pressure shou nergies. The conventional pseudospark discharge plasma is
correspond to the maximum voltage available at that elec:

s i ’ ~1€Ctomprised of two electron componenfsone with energies
trode (before breakdown Since the formula is arrived at in the range of 100-400 eV, described as an electron beam

the case where the gas flow is absent, the average pressurggy js comprised of the main discharge, and the other with a
this case is assumed to lie closer to the anode. temperature of typically few eV. The electron beam is ob-
In Fig. 12, the calculated pressur@egion 1) lie closer  tajned in the initial pulse that lasts for few 100 ns that propa-
to the pressures that are measured near the anode. Furthgmes by ionizing the background neutrals.
more, the slopes of these curves are almost identical. This |n the present case several electron current pulses are
indicates some resemblance in the properties of the dischargmserved at the collector. This is unlikely in the conventional
with the case when there is no gas flow. An electron currenpseudospark discharge, where the electron beam is formed
pulse at the grounded collector is also observed that correturing the first few 100 ns of the discharge and is subse-
sponds to the initial peak of the discharge curréfig. 6)  quently absent. In the present case it is possible that the
and is similar to the conventional pseudospark devies. measured current signal is due to plasma created near the
However, the calculated pressure does not exactly match th@ownstream of the anode. This is possible due to the plasma
measured pressure values near the anode. The reason mayfloging from the device, as well as background ionization of
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the gas atoms by the energetic species emitted from the de- More detailed experiments on measuring the potential

vice. Since the energies of the charged species are large tievelopment at the intermediate electrodes are being carried
account for the temperature of the plasma, it is most likelyout to understand the space charge effects along the dis-
that the observed current peaks are admixtures of plasma abkarge column. Additional experiments to measure the flow

well as energetic electrons. The grounded collector behavingelocity of the gas, pressure variation along the discharge
as a probe is insensitive in distinguishing them. Such mulcolumn, and the characterization of downstream plasma in-
tiple c§ugrent pulses have also been reported by othecluding emittance are in progress.

authors.
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