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Excitation of Ar lines in the cathode region of a dc discharge
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Measurements of the spatial distribution of different Ar lines are reported for a flat cold cathode
discharge in the j/P2? range of 10™% to 1072 A cm™2mbar 2, where j is the current density and P is the
pressure. In this range, excitation by heavy particles and by electrons can be studied since they produce
a cathode glow and a negative glow that are well separated. With increasing j/P? the heavy-particle ex-
citation and the cathode glow increase, while the negative glow extends to a larger distance. The volt-
age, the pressure (P) times the lengths of the cathode glow and the cathode sheath, and the fraction of
the input energy that goes into the negative glow and the cathode glow have a dependence on j/P? that
is independent of pressure. We also report data on the decay of the negative glow beyond its peak, but
this decay length times pressure has a dependence on j/P? that changes with pressure. The measured
voltage and lengths are compared to previous data and to a recent calculation.

PACS number(s): 52.20.Fs, 52.20.Hv, 52.25.Rv

I. INTRODUCTION

There has been a continuous interest in the cathode re-
gion of glow discharges over the last 70 years. More re-
cently, this part of the discharge has been extensively
used for applications like cathode sputtering, plasma
deposition, analytical chemistry, hollow cathode lamps,
and lasers [1-7]. For a better understanding of cathode
region phenomena a number of experiments and model-
ing studies have been performed [8-10].

In the present work we investigated a low-pressure,
P=0.13-0.67 mbar (0.99 bar=10°> Pa), Ar discharge
near a cold cathode surface. We performed spatial scans
of several spectral lines from the cathode surface through
the negative glow. These intensity distributions contain a
“cathode glow” component, attributed to heavy-particle
collisions, that peaks at the cathode, and a ‘“‘negative
glow” component, attributed to electron-atom collisions,
that peaks ~1 cm from the cathode. In the j/P? range
we have investigated (5X107°-1072 A cm ™ ?mbar ?)
the cathode glow and the negative glow are well separat-
ed from each other. We present measurements on the
peak and total intensities in these two parts of the
discharge, as well as the behavior of the distance to the
negative glow peak and the decay of the negative glow
beyond this peak.

II. EXPERIMENTAL ARRANGEMENT

The experimental arrangement can be seen in Fig. 1. A
flat, air-cooled 43 mm diameter Cu cathode was placed
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into a 41 in. flange, six-way metal cross that was evacu-
ated through a butterfly valve by a turbomolecular pump.
Argon flowed continuously during the measurements to
maintain cleanliness. Except for the front surface, all
parts of the cathode were protected either by Teflon insu-
lators or by a floating metal shield near the cathode sur-
face (Teflon was shielded from direct discharge radia-
tion). The image of the discharge was projected onto the
0.1 mm wide, 1.5 mm high entrance slit of a monochro-
mator with 0.22 magnification. With a 4 cm aperture the
lens collected 0.06 radian of light from the discharge.
The combination of the angular divergence and slit
magnification gave a spatial resolution at the discharge of
about 1 mm perpendicular and 7 mm parallel to the
cathode surface. The lens was translated by a stepping
motor, thus translating the discharge image on the plane
of the entrance slit. The vacuum window allowed us to
study about 50 mm of discharge length, which was
scanned in 400 steps. The stepping motor was driven by
a personal computer which also recorded the optical sig-
nal from the photomultiplier.

Scanning the lens introduces a sensitivity variation
with position. Projecting a small part of the discharge
onto an optical fiber which can be translated together
with the lens would be free of this, but it provides much
less light into the monochromator. The present method
allowed scans in a few minutes with reasonable signal to
noise, even at low current densities.

The linearity of the spatial scan was checked with a
row of 1 mm holes in the front of the discharge, and
found satisfactory. We measured the sensitivity of the
system, versus position along the scan, by measuring the
light from a positive column lamp in the place of the
discharge. This has a constant intensity along its length,
whereas we measured a slow decrease of 25% from the
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FIG. 1. Experimental ar-
rangement for measuring spatial
intensity distribution of different
spectral lines. The cross section
of the discharge region is drawn
approximately to scale, but the
optics are diagrammatic.
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cathode to the other end of our measurement (the end of
the window). We have corrected our measurements for
this, as well as the varying spectral sensitivity of the
monochromator and the photomultiplier tube detector,
obtained by scanning a standard tungsten-iodide lamp
spectrum.

III. RESULTS

The spectrum of the negative glow and the cathode
glow were recorded for 0.27 mbar pressure and 8 mA
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current. Intensities of lines in the blue and the infrared
part of the spectrum x =2 cm from the cathode in the
negative glow (NG), and at the cathode glow peak (KG),
recorded through a logarithmic amplifier, are shown in
Fig. 2. Variations of line intensities for these two parts of
the spectra, due to the different dominant excitation pro-
cesses, are clearly noticeable. For example, in the
cathode glow the 8115 line is about a factor of 3 stronger
than the 7503 line, while in the negative glow the ratio is
reversed.
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FIG. 2. The blue-green and the infrared part of the spectrum from the negative glow (NG) and the cathode glow (KG), for 8 mA
current and 0.27 mbar pressure. The relative spectral sensitivity is shown as a dashed line, but the IR sensitivity has been multiplied
by 10 to fit on the graph.
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The identified lines are used later in this paper. The
same intensity units are used for all of the data of Fig. 2,
but these spectra have not been corrected for the spectral
sensitivity of the monochromator and photomultiplier.
This relative sensitivity is shown in Fig. 2, and the
corrected intensity ratios for the different spectral lines
can be seen in Fig. 3.

The full spatial dependence of six Ar lines 811.5, 794.8,
751.4, 750.3, 696.5, and 451.1 nm from 4Py, 4P,, 4P,
4P,, 4P,, and 5P, states, and two Ar™ lines, 488.0 and
476.5 nm from 4p(2D°) and 4p 2P states were then mea-
sured versus x, the distance from the cathode, for a range
of pressures and currents. The spatial dependences of
four of these lines are shown in Fig. 3. These are
representative of all eight lines, so only four are reported
here. Two of these lines (811.5 and 750.3 nm) were
chosen to connect with the data of Scott and Phelps, who
have shown that these have very different heavy-particle
excitation rates [11]. The other two (451.1 and 476.5 nm)
represent a higher level of Ar and ~20 eV excited Ar™.
The negative glow was present in all eight lines, as was
the cathode glow at high j/P? values. The cathode
glow/negative glow intensity ratio is the largest for the
811.5 nm line, and then decreases in the following order:
794.8, 696.5, 751.4, 750.4, 451.1, 488.0, and 476.5 nm.
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The cathode glow peaks at the cathode surface (x =0.8
mm in Fig. 3), but due to the spatial resolution in this
data the recorded peak occurs at x=1.5 mm. (A mea-
surement of the entire spectrum, taken with a video cam-
era with ~0.1 mm spatial resolution, showed a nearly
linear intensity increase to the cathode surface.) For all
lines the cathode glow peak (at x =1.5 mm) increases
more rapidly than the negative glow peak (at x =8-20
mm) with increasing current. For all of the lines, it can
clearly be seen that with increasing current density, the
gap between the negative and cathode glow (i.e., the
cathode dark space) shrinks while the negative glow in-
tensity falls more gradually beyond the peak.

Figure 4 shows the intensity distribution of the 750.3
mm line for 4 mA at two different pressures. It is a gen-
eral behavior that with decreasing pressure the cathode
and negative glow decay lengths increase and the intensi-
ty of the cathode glow increases relative to the negative
glow. Figure 5 shows the Pd value (P is the gas pressure
and d is the distance to the negative glow peak), the volt-
age and E,/N (N is the gas density and E is the electric
field at the cathode surface) as a function of j/P2. Data
at three pressures are included here, and this agreement
indicates j /P2 scaling. We obtained E,/N by assuming
linear decay of the electric field from the cathode to the
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FIG. 3. Spatial dependence of the intensity for different spectral lines vs distance from the cathode at 0.27 mbar: (a) 811.5 nm, (b)
750.3 nm, (c) 451.1 nm (atomic transitions), (d) 476.5 nm (ionic line). The spatial resolution is ~1 mm and the cathode edge is at

+0.7 mm.
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FIG. 4. Spatial intensity dependence of the 750.3 nm line for
two different (0.27 and 0.67 mbar) pressures. 1 =4 mA.

negative glow peak [12,13] and negligible voltage drop
from there to the anode. The voltage varies approximate-
ly as (j/P2)%%, Ey/N as (jP*)*%, and Pd as (j/P?)" %2,
For comparison, the average voltages measured by
Druyvesteyn with a graphite cathode [12] and Klyarfeld,
Guseva, and Porkrovskaya-Sobleva with a Cu cathode
[13] are also shown by the dashed curves. This is a selec-
tion from many values in the literature; most indicate
higher voltages than in these two references. The voltage
is very sensitive to the secondary electron emission
coefficient, hence to the condition and cleanliness of the
cathode surface, as well as to gas impurities that can be
Penning ionized by argon metastables.

Note in Fig. 3 that the peak intensity of the negative
glow tends to saturate with increasing current, but the
negative glow decays more slowly beyond the peak as the
current increases. As a result, the spatially integrated
(“total’””) negative glow intensity, which we label I does
not saturate. This behavior is seen for all lines investigat-
ed, and is shown in Fig. 6 for the 750.3 nm line at two
pressures. Here Iyg includes an exponentially decaying
extrapolation beyond the end of the observed region, with
decay length L (I'yg <e */L). These two sets of Ing
data grow approximately linearly with j/P?2, but they

-
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FIG. 5. Pd [mbar mm)], voltage [1072 V], and E,/N [107?

Td] as a function of j/P? calculated from four lines (476.5,
45.11, 750.3, and 811.5 nm), from 0.14, 0.27, and 0.67 mbar data.
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FIG. 6. The total (spatially integrated) negative glow intensi-
ty Ing of the 750.3 nm line vs j /P2 at 0.67 and 0.27 mbar, re-
spectively. The same data are plotted as Rng =Ing /W where
W is the input electrical power (+ and ¢). Similarly,
Ry =Igg /W for the same two pressures.

yield different curves at different pressures. However, the
ratio Ryg =Ing /W where W is the discharge power has
a dependence on j/P? that is independent of pressure, as
seen in Fig. 6. The gradual decrease of Ryg with in-
creasing j /P2, roughly proportional to (j /P%)~%! in Fig.
6, is also seen for three other lines in Fig. 7.

The cathode glow always appears peaked at the
cathode surface, within our spatial resolution, and the in-
tensity falls approximately linearly with distance from
the cathode [see Fig. 3(a)]. Defining Ly as the position
where a linear extrapolation reaches zero, we find that
Ly is nearly independent of current (Fig. 3) and
PLy=0.10 mbar cm is essentially independent of pres-
sure. Defining Ik as the spatially integrated intensity of
the cathode glow and Rgg =Igg /W, we find that Iy as
a function of j /P? is pressure dependent, whereas R i is
not. Rgg for the 750.3 nm line is shown in Fig. 6, and
for the 811.5 nm line in Fig. 7. Similar behavior applies
to the other atomic lines studied, but the cathode glow
was too weak to establish the behavior of this ratio for
the 476.5 and 488 nm ion lines. These numerical values
of Ryg and Rgg are given in the same relative units,
corrected for spectral sensitivity variations, for all lines.

The NG intensity decays slightly more gradually than
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FIG. 7. Same as Fig. 6, but for three other lines.
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FIG. 8. LP vs j/P? where L is the decay length of the nega-
tive giow beyond the peak. The present data (solid points and
dashed lines) are averages over four different wavelengths
(476.5, 451.1, 570.3, and 811.5 nm), which had very similar L
values. The data of Ref. [21] (*) is taken at 0.66 and 0.46 mbar,
as indicated. The theoretical result of Ref. [10] (solid line) is the
same at all pressures within the range studied here.

exponentially in the observed region beyond the negative
glow peak, but we will approximate this as exp(—x /L)
here. PL is plotted for different pressures as a function of
j/P?%in Fig. 8. It can be seen that their dependence on
j/P? changes with pressure. This is in contrast to the Pd
and PLg which did not show a variation with pressure
(Fig. 5).

IV. DISCUSSION

Based on reasonable simplifying assumptions, which
are particularly appropriate in the space-charge-
dominated ‘“‘abnormal glow” cathode sheath region, at
constant j /P2 the values of E /n, the ion and electron en-
ergy distribution functions and the ratio of the ion and
electron densities to the gas density are expected to be the
same as any equivalent Px position, where x is the dis-
tance from the cathode [14,15]. Thus we might expect
that V, Pd, PLy, PL, Ryg, and Rgg depend only on
j/P?. In our measurements we found this expected
dependence for all of these quantities except PL.

The increase of the voltage with j/P? in the present
‘“abnormal glow” discharge is a general behavior, and
several empirical relations have been found [15]. In our
experiment V «<(j/P2)%%, which is similar to previous
observations (e.g., Fig. 5). A gradual decrease in Pd with
increasing j /P? (or voltage) is also a general behavior for
all gases, although Pd does not. always exhibit universal
scaling (pressure independence) with j/P? [15]. In our
case we found Pd proportional to (j/P2)~%2, and it fol-
lows universal scaling for our pressure and j /P2 range.

The cathode glow results from fast Ar™ and Ar col-
lisions with the thermal Ar atoms, where the fast Ar re-
sults from charge exchange. The ions undergo many
charge exchange collisions in the sheath (x =0-d) [16],
so their energy distribution at x depends strongly on the
local E /N and the mean energy increases rapidly toward
the cathode. For the same reason the flux and energies of

fast Ar also increases rapidly toward the cathode. The
threshold for exciting the observed Ar radiation is ~30
eV of laboratory frame energy, so the high-energy tails of
the Ar and Ar* energy distributions are responsible. The
weaker I'gg for the ion lines is clearly due to their much
higher threshold excitation energy (~70 eV lab frame).
Thus, Ixg(x) is expected to increase rapidly toward the
cathode, as observed. However, that Lgg(x) is virtually
independent of current was not expected and needs to be
explained with a more detailed model. The increase in V
and E,/N, with increasing j/P?, rapidly increases the
high-energy tail of the distribution, so that Rgg rises
with j /P? (Figs. 6 and 7).

The electrons gain energy in the sheath and deposit
this in the negative glow, primarily by excitation and ion-
ization. The energy gained by the electrons is
[ édxj,(x)E(x) and total power W= [%dxjE (x)=jV,
where j=j,(x)+j(x) with j,(x) the electron current
and j,(x) the ion current. Thus, the fraction of the
discharge energy delivered to the electrons,
F,= [8dx[j,(x)/j1[E(x)/V], will be constant if the
form of j,(x/d)/j and E(x /d)/E in the sheath are in-
variant. E (x) is known to decrease almost linearly from
x=0-d, so dxE (x)/V=2(dx /d)(1—x /d) is a function
of x /d that is essentially independent of j /P2. Although
the secondary electron yield at the cathode () and the
ionization efficiency in the sheath are expected to be volt-
age dependent, j,(x)/j is constrained to <<1 at x =0 and
~1 at x=d. Thus j,(x/d)/j is also relatively indepen-
dent of j/P? and this leads to F, =1 with very little sen-
sitivity on the exact form of j,(x)/j. Thus, our observa-
tion of Ryg ==const results from a nearly constant value
of F,.

The slow decrease of R yg with increasing j /P? for the
atomic lines in Figs. 6 and 7 probably indicates that a
larger part of the electron energy goes into ionization
versus excitation. As j/P? and the mean energy of the
electrons increase, ionization is favored because the exci-
tation functions of the 750.3 and the 451.1 lines from the
4P, and the 5P; levels of Ar rise rapidly at threshold and
decrease slowly with increasing collision energy [16],
whereas ionization rises almost linearly to peak at much
higher energy. The excitation function of the 811.5 nm
line (4P, level) is sharply peaked near the threshold [17],
which would be consistent with a more rapid decrease of
the Ryg (with increasing j/P?) for this line. However,
at our pressures radiation trapping causes higher (3D,
etc.) Ar states to branch strongly into the 4P levels,
whereas they decay mostly to the ground state at the low
pressures where the optical excitation functions are mea-
sured. This apparently adds a broad high-energy tail to
the 811.5 nm excitation, yielding a discharge behavior
similar to the other lines. The excitation functions in
Ref. [18] are consistent with this effect. Ryg for the ion-
ic lines (476.5 and 488.0 nm) do not show this gradual de-
crease as clearly, perhaps because of the higher threshold
for ionizing excitation or a small contribution from
electron-ion collisions. However, it is clear that most or
all of the ion line intensities are due to the electron col-
lisions with Ar, because electron excitation of Ar™ would
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cause R \g to rise approximately linearly with j /P2

The relative sizes of the KG and NG intensities for
various Ar and Ar™ lines depend on the ratio of heavy
particle versus electron excitation cross section. The
latter are well known [17], but may not apply directly to
these higher-pressure discharges due to cascading. Some
data regarding these heavy-particle cross sections are re-
ported in Refs. [19,20], but the energetic neutral and ion
fluxes and energy distributions versus x are not known.
Here we do not attempt any comparison to cross-section
data. As already noted, we chose to study two of these
lines because their heavy-particle excitation in a high
E /N discharge have already been measured and analyzed
[11]. Our results for Iyg /I appear qualitatively con-
sistent with that study.

The pressure times lengths Pd and PL, showed the
same dependence on j/P? for all pressures studied con-
sistent with similarity relations for the space-charge-
dominated sheath region [14,15]. However, the negative
glow decay lengths L and LP need further consideration.
We observe approximately L «(j/P?)*5 and attribute
this primarily to the increase in the mean energy of the
directed, energetic electrons entering from the sheath as
j/P? increases. This is shown in Fig. 8, where our PL
data are compared to PL measured in Ref. [21], and cal-
culated from Ref. [10] using our measured V and Pd.
The calculation predicts the same dependence on j/P?
and a universal dependence of LP on j/P? as seen in Fig.

8. However, we observe different PL values for different
gas pressures at a given j /P2, as does Ref. [21] using 8
cm diameter electrodes with a 1 cm gap. The electric
field in the negative glow is very small, so energetic elec-
trons injected from the sheath largely diffuse as they lose
energy in the negative glow. However, a relatively small
negative glow field will cause some drift of these diffusing
hot electrons, affecting L. Such fields could cause the
scaling breakdown we observe, as they may be affected by
the anode spacing or ambipolar diffusion, which can be
different at different pressures. This decay length may
also be affected by processes like Ar,* recombination
with slow electrons, which introduces additional pressure
dependence. Since L for Ar" lines is the same as for Ar
lines, excitation of Ar metastables and recombination ra-
diation are not implicated. We believe that further study
of the shape and the decay behavior of the negative glow
may give information on the weak fields in the negative
glow.
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