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Recent experimental and theoretical developments, including an electric field diagnostic based on op-
togalvanic detection of Rydberg atoms, an analytic treatment of ion transport in the cathode fall, and a

null collision Monte Carlo technique, are combined to determine the current balance at the surface of a
cold cathode in a He glow discharge. The ratio of the ion current to electron current is measured and
calculated over a range of current densities from a near-normal to a highly abnormal glow discharge.

PACS numbers: 52.80.Hc, 51.10.+y, 52.20.Fs, 52.20.Hv

New experimental diagnostics and recent theoretical
developments are leading to a more quantitative under-
standing of the cathode-fall region of the glow discharge.
The development of detailed quantitative models has
been hampered by the nonequilibrium nature of the
cathode-fall region. The proximity of the boundary and
the large spatial variation of the electric field give rise to
an electron distribution function that is not in hydro-
dynamic equilibrium with the local electric field to gas
density ratio (E//V). Therefore, the large data base of
electron transport parameters is not directly applicable
when modeling the cathode fall. Although the cathode-
fall region is the least understood part of a typical
discharge, this region is very important from a practical
and a fundamental viewpoint.

We measure the current balance at the cathode sur-
face by utilizing an electric field diagnostic and a
Boltzmann-equation analysis of ion transport. Spatially
resolved electric fields can be measured with either
laser-induced fluorescence' or optogalvanic detection of
Rydberg atoms. ' The latter technique is the most suit-
able for the discharge studied in this work. The spatial
gradient of the electric field determines the space-charge
density by Poisson's equation. This space-charge density
is almost entirely due to ions since the electron density is

negligible in the high electric fields of the cathode-fall
region. The ion current density is simply the product of
the ion charge density and the average ion velocity.

Analytic nonequilibrium solutions to the Boltzmann
equation for ions were used to calculate the equilibration
distance of ions in the cathode fall. The calculations in-
cluded the symmetric-charge-exchange term, a nonuni-
form field, and a distributed-ion-source term. The aver-
age ion velocity is the equilibrium drift velocity for ions
more than six mean free paths from the cathode-
fall-negative-glow boundary. The cathode fall has a
thickness of sixty mean free paths for symmetric charge
exchange; thus the equilibrium drift velocity can be used
to calculate the ion current density. The diA'erence be-
tween the measured total current density and this ion
current density is the electron current density. The ratio
of the ion-to-electron current at the cathode surface can

be directly compared to a suitable calculation. We use a
Monte Carlo code based on a null collision technique to
simulate electron avalanches in the cathode fall. The
average number of ions produced per electron emitted
from the cathode in these simulations compares favor-
ably to the empirical ion-to-electron-current ratio.

This "electric field" approach is used to determine the
current balance at a cold Al cathode in a 3.5-Torr He
discharge over a range of discharge current densities
from 0.190 to 1.50 mA/cm . The current-density range
extends from a near-normal cathode-fall voltage of 173
V to a highly abnormal cathode-fall voltage of 600 V.
We find that the ratio of ion current to electron current
at the cathode is approximately 3.3 over the entire range.

The discharge is produced between flat circular Al
electrodes 3.2 crn in diameter and separated by 0.62 cm.
The discharge tube is made primarily of glass and stain-
less steel. Most of the large seals are made with knife-
edge flanges on Cu gaskets. The only exceptions are the
high-vacuum epoxy seals around the fused silica Brew-
ster windows. A liquid-N2 trapped difl usion pump eva-
cuates the tube to 2x10 Torr. When no liquid N2 is
in the trap an ion pump maintains the vacuum to prevent
oil from backdiflusing into the system. The leak rate
into the discharge tube is approximately 3 x 10 Torr/d.
For discharge operations ultrahigh-purity (0.99999) He
is slowly flowed through the system. A capacitive
manometer monitors the pressure, which is maintained
at 3.5 Torr. The He first passes through a cataphoresis
discharge to remove any residual contarninants before
entering the main discharge tube. Emission spectra re-
veal only very weak Al and H impurity lines. In order to
perform spatially resolved measurements without dis-
turbing laser alignment the discharge is mounted on a
precision translation stage. Optogalvanic eflects are
detected as a change in discharge current with a boxcar
averager. The appropriate laser radiation is produced
with a N2-laser-pumped dye-laser system which has a
bandwidth of 0.4 cm '. For electric field measurements
the dye laser is frequency doubled. The second harmonic
is polarized normal to the surface of the electrodes and is
focused with a cylindrical lens to a strip 0.01 cm wide
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FIG. l. Electric field as a function of distance from the cathode for the five currents studied. The anode corresponds to the
right-hand side of the figure.

and 1 cm long parallel to the electrode surface. Sche-
matics of the apparatus are presented in previous publi-
cations. '

The electric field in the cathode-fall region is mapped
by the observing of atomic transitions from heavily popu-
lated metastable levels to Rydberg levels. Optogalvanic
detection is essential because the fragile Rydberg atoms
are collisionally ionized in the discharge long before they
can fluoresce. These transitions exhibit a dramatic linear
Stark eA'ect because of the large size of Rydberg atoms
and because of the small energy gap between states of
opposite parity. To interpret Stark spectra a n&&n (n is
the principal quantum number) Hamiltonian matrix is
diagonalized yielding eigenvalues which are the per-
turbed energies of the states in the Stark manifold. The
eigenvectors can be related to the intensities of the vari-
ous components in the Stark manifold. Stark spectra are
obtained by scanning the frequency of the laser in a fixed
spatial position. The width of the Stark manifold, the
separation of individual components, or the relative in-
tensities of the components can each be used to deter-
mine the field. The 2'5 to 11'P transition in He at 321
nm is well suited for measuring fields found in low-
pressure discharges. The width of the Stark manifold in-
creases as n; thus the optimum n is determined by the

magnitude of the fields being studied.
The electric field measurements are summarized in

Fig. 1 and Table I for the five discharge current densi-
ties, JD. Figure 1 is a plot of electric field as a function
of distance away from the cathode. The solid lines are
linear fits to the data. This linear behavior persists to
very small fields. Table I lists the electric fields at the
cathode, E, and the zero-field positions, d„which are
determined by linearly extrapolating the data. The
boundary between the cathode-fall and negative-glow re-
gions is confirmed by a change in magnitude and tem-
poral characteristics of optogalvanic eA'ects at a distance
d, from the surface of the cathode. The excellent agree-
ment between V,f, a voltage determined by integrating
the field data, and V„, a voltage measured with a digital
voltmeter, indicates that the field measurements are on
the average accurate to 1%.

The discharge electrodes are ~ater cooled in order to
minimize gas heating in the cathode fall. This cooling
does not completely eliminate a temperature increase
and subsequent density reduction in the abnormal glow.
Symmetric charge exchange between positive ions and
neutrals converts over half of the input power to heavy-
particle translational motion in the cathode fall. The re-
sulting temperature increase is measured from the

TABLE I. Experimentally determined parameters.

Jg)
(mA/cm')

1.50
1.18
0.846
0.519
0.190

Eo
(V/cm)

3017
2395
1870
1426
897

de

(cm)

0.396
0.300
0.282
0.301
0.382

Vm
(v)

600
356
261
211
173

Vef

597
359
264
215
171

IV

(10"cm ')

8.01
9.48

10.3
10.8
11.2

p+
(10 ' C/cm')

6.74
7.07
5.88
4.20
2.08

Uf
(10' cm/s)

16.5
13.2
10.9
9.28
7.12

JO

(mA/cm )

1.1 1

0.933
0.641
0.390
0.148
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Doppler width of the 2'5 to 3'P transition in He at
501.6 nm. An etalon reduces the dye-laser bandwidth to
300 MHz for the Doppler-width measurements which
are made by optogalvanic detection. The 501.6-nm tran-
sition has a natural width of 92 MHz. ' Pressure
broadening at 3.5 Torr contributes another 146 MHz. ''
Stark broadening adds at most a few hundred
megahertz. These contributions are all much smaller
than the Doppler width of 3.66 6Hz at room tempera-
ture. The column labeled A in Table I is the resulting
gas-density measurements. The uncertainty ranges from
~ 3% at low currents to ~ 6% at the high currents. The

gas density is constant throughout the cathode-fall re-
gion to within the 3%-6% uncertainty of the measure-
ments.

The ion current density at the surface of the cathode is
the product of the ion density, p+, and the ion drift ve-

locity at the cathode surface, U+. Poisson's equation
combined with the electric field data gives the ion densi-
ty. The uncertainty in p+ is comparable to the uncer-
tainty in the field measurements. To determine the drift
velocity at low currents Helm's precise mobility data are
used. ' At the high currents the drift velocity is calcu-
lated with use of the equilibrium expression,

where e is the ion charge and M the ion mass. The
symmetric-charge-exchange cross section, cr, is taken
from the calculations of Sinha, Lin, and Bardsley. '

These calculations agree with Helm's experimentally de-
rived cross sections. The uncertainty in U+ is 4% in

all cases. The ion current density at the cathode surface,
J+, is listed in the last column of Table I.

A Monte Carlo code is used to study electron
avalanches in the cathode-fall region. Empirical fields
and gas densities from Table I are used in the simula-
tions. The position and momentum of individual elec-
trons are followed in a Monte Carlo simulation. The
code is based on an adaptation of the null collision tech-
nique for nonuniform fields. In this approach a null
collision cross section is chosen in order to avoid any nu-
merical integration of collision probabilities along an
electron's trajectory. The distance between collisions is
determined by a random number, and the type of col-
lision is determined by a second random number. If a
null collision occurs, the electrons motion is unaffected.
We use a code which includes anisotropic elastic scatter-
ing, excitation to 24 levels, direct ionization, and other
less important processes. We choose the same set of
elastic and inelastic cross sections used by Boeuf and
Marode. ' ' The Monte Carlo code with these cross
sections is tested with use of a uniform F/N of 100 Td
[I Td (townsend) =10 ' V cm ]. The simulation gives
an equilibrium townsend coeScient that agrees with ex-
periment. Figure 2 is a histogram of the ionization
events per emitted electron as a function of distance
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FIG. 2. Typical Monte Carlo histogram giving the total
number of ionization events per electron released from the
cathode as a function of distance from the cathode. Only those
events between 0 and d, are counted when evaluating the aver-
age size of an avalanche.

He(2'5)+e + He(2 S)+e +0.79 eV. (2)

These observations indicate an electron temperature
much less than 0.8 eV; otherwise the reaction would
readily proceed in the opposite direction. Furthermore,
an electron density of from 10' to 10' cm in the
negative glow can be inferred from these observations,
because the rate of reaction (2) must overwhelm 2'5
metastable diffusion. ' '

Only ionization produced in the region to the left of d,
contributes to the ion current in the cathode fall. If the
ions from the negative glow contributed to the cathode-
fall current in a significant way then there must be a
large ion current towards the cathode at d, . Equation
(1) indicates, however, a relatively small ion velocity be-
cause of the weak fields near the cathode-fall-negative-
glow boundary. In fact Eq. (I) overestimates the aver-
age ion velocity near the negative glow. Since the

from the cathode. This ionization peaks at the boundary
between the cathode fall and the negative glow indicated
by d, . The nonequilibrium behavior of the electrons is
evident from the large amount of ionization beyond d, .
If all the electrons in the negative glow were in equilibri-
um, they would produce very little ionization because the
local field is small.

Although we have not been able to map the negative-
glow field, we have evidence for a high density of low-
energy electrons which indicates a very small ((10
V/cm) field. We measure, using laser-induced fluores-
cence, a significant suppression of the 2'5 versus 2 5
metastable density in the negative-glow region. Our
Monte Carlo simulations indicate only slight differences
in the spatial dependence of the 2'5 and 2 5 production.
The suppression is due to the reaction
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FIG. 3. Ratio of ion to electron current at the cathode,
Jf/(JD —Jf), as a function of total discharge current density.
The experimentally determined values are shown as solid points
with a typical uncertainty of + 20%. The Monte Carlo results
are presented as open circles connected by a line.

charge densities for ions and electrons are nearly
equivalent in the negative glow, electrons are carrying
the bulk of the current in this region. Ions produced to
the right of d, are lost through recombination and
diAusion out of the discharge region.

The empirical ratio of J+ to the electron current den-
sity at the cathode, JD —J+, is compared in Fig. 3 to the
average number of ions produced in the cathode fall per
emitted electron as calculated by use of the Monte Carlo
simulation. The ratio is only weakly dependent on
cathode-fall voltage due to the gas-density reduction
from heating. The Monte Carlo simulations are strongly
dependent on gas density. A 6% change in the gas densi-

ty at high currents (the uncertainty) propagates in the
simulation to a 20% change in the average avalanche size
as that presented in Fig. 3. The imperfect agreement be-
tween theory and experiment at high discharge currents
is due to the sensitivity of the Monte Carlo simulations
to uncertainties in gas density and electron-impact cross
sections ( ~ 25%). The good agreement at lower
currents gives us confidence that we have determined this
critical parameter.

The determination of the current balance at the
cathode surface is a significant step toward a detailed
quantitative model of the cathode-fall region. Yet to be
understood is the relative importance of electron emis-

sion from the cathode due to ion, metastable, and uv

photon bombardment. Ultimately, a direct Boltzmann
equation or nonequilibrium Quid model should be cou-
pled with Poisson's equation to predict both the
cathode-fall voltage and the spatial dependence of the
field. Such an approach should also be able to predict
the existence and properties of the negative glow.
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