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Abstract. We investigated the breakdown in low-pressure helium gas both experimentally
and by computer simulations. At low breakdown voltagés:(< 1000 V) the experimental

and simulation results show a good agreement (differences are within 20%), while at higher
voltages the simulations and experiments agree qualitatively. Our simulations indicate that
several processes contribute to the particular shape of the Paschen curve in helium at low
pressures. These processes are: (1) the dependence of the (ion-induced) secondary electron
emission yield on the ion energy, (2) the appearance of ion impact ionization of the gas at
high electric fields and (3) the secondary electron emission from the cathode due to fast
neutral atoms.

1. Introduction The aim of this work is to contribute to the understanding
of the breakdown process in helium gas. We investigated the
The breakdown of gases—being one of the most fundamentalpreakdown processes on the left (Ipw) side of the Paschen
phenomena in gas discharge physics—has been investigatedurve. We developed a simulation program to describe
since the beginning of gas discharge research and still attractshe electron emission from the cathode and the motion of
continuous interest [1-10].  Apart from the theoretical particles (electrons, Heions and fast helium atoms) and
interest, the starting processes of the gas discharge haveneijr collisions in the discharge gap. An experiment was
importance in a wide range of applications. The breakdown ajso carried out to verify the results of the calculations. The
ofthe gasis also a crucial process in electric insulation, where getails of the experiment are described in section 2. The
itis to be avoided. simulation model and the results are presented and discussed

For plane—parallel electrode arrangements the Paschen section 3.1 and section 3.2. Section 4 summarizes the
law [11] states that the breakdown voltage is a function of k.

the product of gas pressurg)(and electrode separation

(d), Vgr = f(pd). The Paschen curve usually exhibits a _
minimum corresponding to the lowest breakdown voltage. 2- Experiment
Both the(pd) i value where the minimum is found and the

minimum breakdown voltagé?i" are characteristic for the Our experimental discharge tube (see figure 2) had two flat
gas and the cathode material. disk copper electrodes with 36 mm diameter, facing each

The Paschen curve in helium gas has a particular other at a distance of 10 mm. The electrodes were situated
shape in comparison with many other gases, see figure 1in a Pyrex tube of 40 mm inner diameter. The distance
Point ‘A indicates the Paschen minimum, while ‘B’ and betweenthe electrodes was maintained by an additional Pyrex
‘C’ correspond to the characteristic turning points of ing which had, approximately, a 40 mm outer diameter
the curve. Penning found that at low pressures (below and a 36 mm inner diameter. The base pressure of the
pd ~ 2.2 mbar cm) breakdown may occur at three different (glass) vacuum system was in the order of 4@nbar and
values of the voltage [1]. Besides helium, this type of helium gas of 5.0 purity was used in the measurements. The
behaviour was also observed in mercury vapour (see e.qg. [4]).discharge region was pumped through narrev@.¢ mm)
Although in previous work several attempts have been madegaps between the Pyrex tube, spacer ring and the electrode
to explain the shape of the Paschen curve in helium, it is still disks. The pumping of the discharge volume was not
not completely understood [1,2,4,7,8,11]. It is generally very efficient through these gaps; however, after sufficient
accepted that the energy dependence ofjtheoefficient conditioning of the electrode surfaces (repetitive discharge
(electron emission yield for ion impact onto the cathode and vacuum periods), reproducible data could be obtained
surface) and the ion impact ionization of buffer gas atoms in the experiments. The cleanliness of the system was
(He' + He — He' + He" + e7) are responsible for the curve  checked by spectroscopic recording of the light emission
shape at low pressures [1, 4, 8, 11]. spectrum fromthe discharge. Before the measurements of the

0963-0252/00/020183+08%$30.00 © 2000 IOP Publishing Ltd 183



P Hartmanret al

o9 200 VY] 1.82 mbar
. a—s—m—E—E——E—E—E—E—E—
¢ 1.86 mbar
400 - e—e—0—0—0 ® ®
i 2 mbar
s00 ¢ "~ 77
® B 3 mbar
10 mbar
200 *—A—A—A—A—A—A—A%A—
- i ™ 5 mbar
log(pd) 100 N T B
0.0 0.5 1.0 15 2.0

Figure 1. Schematic representation of the Paschen curve of
helium. Point A indicates the Paschen minimum, while points B 1 uA]
and C correspond to the characteristic turning points.
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Figure 2. Schematic diagram of the experimental tube. ] 10
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electrical characteristics (breakdown voltages), the surface of P (b[) ]
the cathode was conditioned by pulsed discharges (typically
1 ms pulses of 10-20 mA, at 3-5 mbar pressure for a total Figure 3. (a) Static electrical characteristics of the discharge for
time of 15 min). This procedure resulted in acceptable different pressures at low currentb) Paschen curves measured
s . by different authors: (——) Penning [1}; € - -) Jelenkovt and

reproducibility of breakdown voltages-(L0 V difference at Phelps [10], {- - - --) Guseva [4] and our work: (—e—) static
the Paschen minimum from one day to another). V—I curve measurements anda—) ‘gas-filling’ method.

To determine the breakdown voltage (below voltages
corresponding to point B shown in figure 1) we used the same .
method as used recently by Phelps and Jeleka@]. The of the experimental data, as small errors of these values may

static voltage—current{1) characteristics of the discharge  Induce large differences in the observed slope. To avoid this
were measured for low current densities (between 0.01 angProblem we have carefully calibrated the measurement using

0.2 uA cm~2, where space charge effects can be neglected) resistors of known values.in the place of the discharge tube.
and the voltage was extrapolated to zero current. The voltage”*Nother phenomenon which can affect the measurement of
obtained in this way is very close to the breakdown voltage elec_trlc_al ch_aracterl_stlcs is the appearance of self-generated
[12]. To record theV—I curves, the discharge tube was ©Scillations in the discharge [15, 16]. To exclude this effect
connected through resistor® (~ 10 M) to a variable we checked that no osc_lllatlons were present in the circuitin
voltage source, and the discharge voltage and current werdhe current range used in the measurements. We suspect that
measured with digital multimeters. Figureapéhows some  the small positive slope of th&—/ curves may originate
of the results for different gas pressures. In the range of from the effect of the somewhat distorted electric field
currents employed the characteristics show a slight positive distribution near the discharge tube wall, or fromthe presence
slope which increases with decreasing pressure. It is notedof impurities in the discharge tube.
that in most experiments—in agreement with theoretical As the measurement of low-current, stationary-/
expectations—a small negative slope is observed [10, 12, 13],curves cannot be applied for the B—C section of the Paschen
butin some cases positive slopes also appear in the Townsengurve, we used a different (albeit probably less accurate)
discharge regime [9, 14]. technique to determine the breakdown voltages higher than
We note that the knowledge of the precise values of the that corresponding to point B in figure 1. In this case the high
circuitelements (resistors) is crucial for the correct evaluation voltage (up to 2.5 kV) was applied to the tube under vacuum.
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Following this, the gas pressure was slowly increased, until of charges in electron avalanches (started by the emission of
breakdown of the gas occurred. one primary electron from the cathode): the ions and fast
The measured Paschen curve is plotted in figul®.3( atoms originating from an ‘average’ avalanche results in the
The Paschen minimum occurs g ~ 5.5 mbar cm, and  emission of one ‘new’ primary electron.
the minimum breakdown voltage was found to4&73 V The data for the secondary electron emission coefficients
in our experiments. The results of Penning [1], Guseva (given for a ‘contaminated’ copper surface) were taken from
[4] and Jelenkow and Phelps [10] are also plotted in the Hayden and Utterback[18], and are reproduced in figuse 4(
figure. The point B (see figure 1) corresponding to the It is noted here that the secondary coefficients measured
minimum (pd)o for ‘low-voltage breakdown’ appears at under ultrahigh vacuum conditions are usually not directly
~1.82 mbar cm for our case. Penning found 2.4 mbar cm, applicable to real discharges, as the presence of the gas and
Guseva [4] and Jelenkdviand Phelps [10] give-1.75 and some other contaminants significantly altergrepefficients,
~2.0 mbar cm for(pd)o, respectively. Our data are in see for example [19].

very good agreement with recent experimental results of In the following, details of the processes listed in table 1

Jelenkovt and Phelps [10]. are presented.

3. Simulation 3.1.1. Electron collisions with He atoms. The cross
sections of electron collisions with He atoms (elastic

3.1. Model scattering, electron impact excitation and ionization) were

taken from [20, 21]. The elastic scattering was described by

The motion of electrons, Hdons and fast He atoms in the . - : ; .
an anisotropic form of the (¢, x) differential cross section

electrode gap was traced by Monte Carlo simulation. The

elementary processes considered in the model are listed i422_25]:
table 1 and their cross sgctions are plqtted in figga).zllﬁ oe x) & @
the Monte Carlo simulation the equation of motion of the o (@) dr[l+esit(x/2]IN(L+e)
particles
E(x) =m di" 1) The scattering anglg was calculated by setting the
i T dre2 cumulative distribution function of (4) equal to a random
was integrated simultaneously with the equation assigning "umber uniformly distributed in the [Q) interval (see e.g.
the length of the free flight [24]):
5 2 +gexp(RorIn(1 +¢))
/ nole(s)]ds = —In(1 — Royp) 2) X = ar0009< - : (5)
K
whereg, m, r ande are the charge, mass, position and the For the electron impact excitation process the specific

kinetic energy of the particleg is the electric field strength, ~ €nergy levels of the atom are not considered, the energy

n is the density of the gas;(e) is the sum of the energy- loss of the electrons is randomly choosen between the first

dependent cross sections of the collision processes of theexcitation level and the ionization level. When the electron

traced particleRo; is a random number uniformly distributed ~ €nergy is lower than the ionization potential, we assumed a

in the [0,1) interval,s is the curvilinear abscissa along the random energy loss between the first excitation potential and

trajectory of the particle ans, and s, denote the starting  the available electron energy. Formally

position of the free flight and the position of the next collision, .

respectively. The type of elementary process that occurred A& = —(exer + (€7 — Eexc1) Ror) ©

e 3 e M 12 hosen . g 10 SCEorec = e, ), 7, 1 he onzaton potntil

atthe given energy of the projectile. Inthe case ofthe electron Sexcr IS the energy O.f the first (_axcned level. Due to the lack
of data on differential scattering cross sections of electron

andion simulations we applied the.null-colllsmn technique to impact excitation, we assumed that the scattering is isotropic.
accelerate the speed of computation [17]. In the case of fast Lo .
In the ionization process the energy of the ejedigd

atoms (2) was solved directly for as the energy of atoms . = )
does not change during the free flight. and the scattere,) electrons is partitioned according to

The condition for the reproduction of charges in the [26,27]
discharge (which we also approximate as the condition for e —E;
breakdown) is formulated as €1 = wtan [Rm arctan( % )} (7)
1 —
N(ZM@)%@) £y Nf<s>yf(e)> =1 @ go=¢—E—& ®)

wheree is the energy of the electron before the collision
whereN; (¢) and N (e) are the number of positive ions and and w = 15 in the case of helium gas [26-28]. The
fast atoms with energy arriving to the cathode due to the velocity vectors of the scattered and the ejected electrons are
emission ofN primary electrons. The; andy, secondary perpendicularto each other[17] and lie in the same plane with
electron emission coefficients depend on the energy of thethe velocity vector of the ‘incoming’ electron. The scattering
impinging species. This condition ensures the reproduction anglesy; and x, (measured with respect to the direction of
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Table 1. Elementary processes considered in the model.

Process

identification  Process Name
1 e +He— e +He Elastic scattering
2 e +He— e +H¢ Excitation
3 e +He— 2e +He' lonization
4 He" + He — He' + He Elastic scattering (including charge transfer)
5 He" + He — He, + He' Charge transfer
6 He" + He — He' + He* 2!P excitation
7 He" + He — He' + He" + e lonization
8 He, + He — He, + He ) Elastic scattering
9 He; + He — He; + He 2P excitation

10 He; + He — He; + He" + e~ lonization

Table 2. Parameters of cross sections fitted with the form
o2 = A — BIn ¢ for some collision processes. The enetgy 10
given in electron volts and is given in units 106 cn?. The total

elastic cross section includes the charge transfer cross section. T
g 10
Process A B 2
2]
He" + He — He' + He total elastic 7.04 0.620 S 1016
He' + He — He' + He charge transfer 5.20 0.302 k3
He, + He — He, + He, elastic 479 0.492 3
2] -17
o 10
o
G
. . . 1078
velocity of the incoming electron) are calculated from (e.g.
(17])
e 1/2 10»19 i
CoSy1 = ! 9) 1 10 100 1000
& — E,‘ . .
projectile energy [eV]
e \Y2
COSy2 = < ) . (10) (b)
& — Ei

The azimuth angle of the scattered electron is chosen
randomly between zero and Zor all collision processes.

3.1.2. Collisions of Hé ions with He atoms. The
processes included in our model are the elastic scattering
of He" ions from He atoms and Hidémpact excitation and
ionization of He atoms. The elastic scattering contains the
symmetric charge transfer process as a special case (elastic
backscattering). In figure d) the total elastic and the charge
transfer collision cross sections are plotted. These cross

y (electron emission coefficient)

sections were taken from Cramer and Simons [29], and the 10 il L
data were fitted to a functional form 10 100
projectile energy [eV]
o¥2(e) = A — Blne. (11)

Figure 4. (a) Cross sections ant) y coefficients against

The parameterst and B for these processes are given in Projectile energy.d) 1, elastic scattering of electrons;
table 2 (2), electron-impact excitation; (3), electron-impact ionization;

. o . . (4), total elastic scattering of ions; (5), ion—atom symmetric charge
The only Hé impact excitation process considered is yransfer: (6), ion-impact excitation; (7), ion-impact ionization;

that of the 2P level. This process has a threshold energy of (8), elastic scattering of atoms; (9), atom-impact excitation; and

~60 eV (lab frame) and a cross section in order ofY@n? (10), atom-impact ionizationbj y;, ion impact; and;, fast atom

at 100 eV Hé energy [30]. The cross sections for the Impact

excitation of other levels by Heions are at least an order

of magnitude lower [31]. In the case of elastic collision, ion impact excitation and
The ionization cross section of He atoms by*"Hens ionization, the scattering was assumed to be isotropic in the

is in the same order of magnitude as thkP 2excitation centre-of-mass system. In the charge exchange process the

at ion energies of few hundred eV [32]. Thus this ion was assumed to start with thermal energy and the fast

process may be an important source of ionization at high atom resulting from the process started with the velocity of

voltages. the colliding ion.
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3.1.3. Collisions of fast He atoms with He gas. In the
case of fast He atoms we considered elastic collisions from
He atoms and the excitation and ionization of He atoms.
The elastic scattering cross section was taken from Jordan
and Amdur [33] who presented measurements between 100
and 400 eV. Their data were fitted and extrapolated towards
lower energies with a form given by (11). This extrapolation
resulted a cross section at thermal energies which was in good
agreement with thermal energy data [34—-38].

The excitation cross section of théR2level was taken
from [39]; the data in this paper indicate that the excitation
to higher lying levels of He occurs with significantly lower
cross sections. The ionization cross section of He by fast
He atoms was taken from the experimental data of Hayden
and Utterback [18]. This process becomes important above
100 eV energy and has an order of magnitude lower cross
sectionthanionization by He Because of the lack of reliable
differential cross sections, all collision processes involving
fast atoms were assumed to be isotropic in the centre-of-mass
system.

3.1.4. Surface processes. The primary electrons were
started from the cathode with an initial kinetic energy
between 0 and 10 eV. Some of the electrons emitted from
the cathode can be backscattered to the cathode after taking
part in the first elastic collision process. These low-energy
electrons can be absorbed by the cathode or reflected from
the cathode and they can also induce the emission of a ‘new’
electron. The data for these processes were taken from
[40, 41].

In our simulations we also considered the backscattering
of fast electrons from the anode of the discharge. These
electrons—especially at low pressures—have a significant
influence on the ion production rate in the electrode gap, thus
affecting the breakdown voltage. The probability of electron
backscattering from the copper anode surface was taken to
beno = 0.36, from [42]. The dependence pfon the angle
of incidencex was approximated as:

n(aw) = 0.36 exd B(1 — cosw)} (12)
whereB = 0.92 was used in accordance with the data givenin
(for electrons of 1 keV energy) [42]. The energy distribution

Breakdown in low-pressure helium
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of electrons backscattered from the anode was approximated-igure 5. Simulated Paschen curvesi) omparison of the

based on the data given in [43].

calculated (——) and our measure#) (Paschen curves and

(b) the result of our simulation (——) in comparison with:
) ) (— - —) Penning [1], (- — -) Jelenko¥iand Phelps [10],
3.2. Results and discussion (GRS ) Guseva [4] and our experimental resulg.((c) Reduced

. electric fieldE /n at breakdown as a function ofl.
In figure 5@) the low-voltage part of our calculated curve

is plotted and compared with our experimental data; good .

agreement£20% difference) between these two data sets '€ particular shape of the Paschen curve can be
is found. The Paschen curve calculated from our model is Understood by analysing the processes responsible for the
plotted up toVzx ~ 10* V in figure 5@) in comparison charge r(_aproductlon. In f!gure &( the contrlbu_tlons

with previous and present experimental data (shown in Of the different (electron, ion and fast atom impact)
figure 3p)). The results of the simulations and our i0nizing processes to the total ion production are displayed.
experimental data agree only qualitatively on the left-hand Figure 66) shows the contributions of the positive ions and
side of the Paschen curve. Using the same data, the reduce#he neutral atoms to the emission of primary electrons from
electric fieldE /n at breakdown is plotted as a functiorvaf the cathode. Both these data sets are given as a function of the

in figure 5€). In this representation the characteristic parts reduced electric field /n, as they are not unique functions of
of the Paschen curve can also be identified. the gas pressure. The results of the simulations show that on
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important role, as it can be seen in figur®)6(This process
already accounts for approximately 20% of primary electron
production atV = 4000 V (E/n = 10 kTd). At these
conditions positive ion impact causes approximately 25% of
the ionization while fast He atoms have only a share of 1%.
On the ‘right-hand side’ of the Paschen curve (at
pressures higher than that corresponding to the Paschen
minimum(pd) .., point Ain figure 1) the breakdown voltage
slowly increases with increasing pressure. This increase is
attributed to the fact that with increasing pressure gradually
more electron energy is deposited into excitation. Apart
from this effect, another phenomenon also influences the
breakdown voltage at higher pressures. While at high values
of E/n, almost all of the primary electrons leave the vicinity

proportion of the
ionizing processes

2 10 i (b) of the cathode, at lowE/n some of the primary electrons
5 @ i may be backscattered and absorbed by the cathode. Our
59 o038} simulations also made it possible to determine the so-called
< a8 0.6 [ escape factor [19, 44], which is defined as the probability
5 § L of that a primary electron leaves the vicinity of the cathode
§5 o04f after being emitted from the cathode. The escape factor
52 0.2 [ decreases with decreasirfg/n and this also contributes
g < “ [ to the increasing breakdown voltage. Figure)6¢hows
S F 00 the escape factor as a function Bf'n. The data indicate

@ e that around the Paschen minimum the escape factor is

0.1 1 £ [de]lo 100 approximately 0.92 and decreases to 0.9 at a pressure of

10 mbar €/n = 0.1 kTd).

% 100 To investigate the effect of certain elementary processes
>3 ~ on the shape of the Paschen curve, we also carried out
g = 0.98 simulations in which we ignored some of the processes.
§ ° 0.96 Together with the results of the simulations including all the
S elementary processes listed in table 1, figu ghows the
S 5 094 Paschen curves obtained by neglecting:
o E
“E o 092 (i) processes initiated by fast neutral atoms,
g2 090 (i) ionization by ion impact,
§ % 088 L+ il Ly aaanl (iii) both of the above processes.
0.1 £ 1[kT d 10 The results show that below about 1000 V the processes
ignored have no effect on the breakdown voltage. At higher
) . o ) voltages, however, both the fast-atom-initiated processes
Figure 6. (a) Proportion of ionizing processes: . L L
(—) electron-impact ionization; ( - -) ion-impact ionization, and Hé impact ionization have a significant effect on the

(connee ) atom-impact ionization.b) Proportion of breakdown voltage. All these observations are in agreement
primary-electron emitting surface processes: (—) ion-impact  with earlier explanations of the shape of the Paschen curve in
electron emission, (- —-) neutral-atom-impact electron emission  heljum, except that we also identify the electron emission due
(A, B and C indicate the points shown in figure 19) The escape 4 ta5t neutral bombardment of the cathode as an important
factor for primary electrons.

process.

The simulations were also carried out with different as-
the A-B section of the Paschen curve (and at higher pressuresumptions for the backscattering of electrons from the anode.
from point A, see figure 1) the only important processes Figure 7p) illustrates the dependence of the breakdown volt-
in the self-maintenance of the discharge are the electronage on the backscattering probability of electrons from the
impact ionization and the electron emission from the cathode anode. Together with the breakdown voltage data obtained
due to Hé impact. (The Paschen minimu@pd),.;, found using the assumptions given in section 3.1.4 we also displayed
experimentally corresponds t6/n = 0.13 kTd, where the Paschen curves with two different assumptions:

1 kTd = 10718 Vm?.) On the B—C section of the curve still
the electron impact ionization dominates in the production of
ions. TheE /n values corresponding to points Band C are 1.5
and 4.3 kKTd, respectively. The number of ions produced by ~ While the highest backscattering probability results in

a primary electron decreases with increasing voltage, but the(pd),,;, ~ 1.75 mbar cm for low-voltage breakdown,
increase of; with the kinetic energy of the ions compensates 5 = 0 shifts this value above 2 mbar cm. These data
for this. With further increasing voltage—above point C— emphasize that besides the material and surface conditions of
electron emission from cathode due to fast He atoms plays anthe cathode, the properties of the anode can also significantly

e no backscattering;(= 0),
e usingn = 0.25, based on the data of Sternglass [45].
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Figure 7. (a) Importance of different elementary processes:
(—) full simulation, (—- —) ignoring fast atoms,

(- - - -) ignoring ion-impact ionization, ¢ - - - -) ignoring fast
atoms and ion-impact ionizatiorh) Effect of electron
backscattering from the anode:

(——) n = 0.36 exp(0.92(1 — cosw)), (- - - -) n = 0.25 and

influence the breakdown voltage at low pressures. In
order to minimize the effect of electron backscattering from
the anode, materials with low backscattering probability

(e.g. graphite) are frequently used in discharge experiments

[12, 46-48].

Breakdown in low-pressure helium

while the voltage was already applied to the tube—we could
also determine the breakdown voltage on the ‘high-voltage’
branch of the Paschen curve.

The simulation of the motion of electrons, helium ions
and fast helium atoms made it possible to calculate the
Paschen curve for helium. On the ‘low-voltage’ branch of
the Paschen curve we obtained a good agreeme®®%o
difference) between the experimental data and the simulation
results. The data points obtained by the gas-filling method
agree very well with previously published data of Jelenkovi
and Phelps [10], and are in a good qualitative agreement with
our present simulation results.

Our simulation results indicate that the particular shape
of the Paschen curve is due to three important processes:

(i) dependence on the Henergy of the electron emission
yield from the cathode,
(i) the appearance of Heproduction at high electric fields
in He*—He collisions,
(iii) electron emission from the cathode due to the impact
of fast He atoms originating from symmetric charge
transfer process.

The first two of these processes have already been
identified in earlier studies as important processes influencing
the charge production at low pressures [1,2,4,7]. The
presentresults show that fast-atom-induced electron emission
from the cathode is also an important process.

We have also demonstrated the effect of individual
collision processes on the Paschen curve as well as the effect
of electron backscattering from the anode.
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