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The temperature of the cathode (sample) in analytical glow discharges is calculated as a function of depth in

the sample, by means of a one-dimensional heat conduction equation. The energy input is determined by the

energetic ions and atoms bombarding the cathode. Calculations are performed for a Cu sample, under various

conditions, ranging from perfect cooling from the backside, to the limit of no cooling. The effect of the

discharge conditions (voltage–pressure–current) is also investigated. Finally, simulations are carried out for

various cathode materials. It is found that the efficiency of cooling has a very important effect on the cathode

surface temperature. Moreover, different cathode materials can give rise to great differences in the cathode

surface temperature for the same power input, due to a different thermal conductivity.

1. Introduction

It is generally known that the cathode of analytical glow dis-
charges can become quite hot, as a result of the bombardment
of energetic ions and atoms from the plasma, when no or
inappropriate cooling is applied. Mai and Scholze1 stated that
the temperature of compacted Cu powder samples amounted
to 800–900 K, at high electrical power. Sanz-Medel and
coworkers2 have shown SEM (Scanning Electron Microscopy)
images of painted samples sputtered by rf-GD-OES, which
illustrate that, in the case of no cooling, or only cooling from
the back of the sample with circulating water at 2 uC, the craters
are characterized by morphological and topographical altera-
tions with irregularly distributed bubbles. Since this can give rise
to a loss in depth resolution, it was suggested not only to cool the
back side of the sample but also the limiting cathode disk.2

Cooling in analytical glow discharges is typically carried out
with water circulation through a cooling block behind the
sample and/or through the cathode plate at the front of the
sample2–5 (e.g., in Grimm-type discharges), or by cryocooling
with liquid nitrogen, of either the discharge chamber or the
sample.6–13 However, even in the case of cooling, the cathode
temperature can still rise to a large extent, when high electrical
power is applied to the glow discharge, or when the cooling
is not appropriate (e.g., when there is bad thermal contact
between cooling block and sample). Recently, Hieftje and
coworkers14 have estimated that the cathode temperature is
between 545 and 600 K, in a glow discharge at 3 Torr and
65 mA, in spite of the fact that cooling of the cathode is applied.14

The importance of cooling was stressed by several authors. It
seems to have significant effect, both on the plasma processes
(e.g., gas temperature, excitation and rotation temperature),6

on the analytical performance,7–10,15 and on the glow discharge
behaviour in general. For instance, a hot cathode leads to a
higher gas temperature, and this affects the current–voltage–
pressure characteristics.16–18

Gas temperature and cathode temperature are not often
measured in analytical glow discharges, but they are both very
important from fundamental and analytical point of view (see
above). In ref. 17, we have presented a model to calculate the
gas temperature, and it was demonstrated that it has a large
effect on the current–voltage–pressure characteristics. How-
ever, the exact gas temperature was subject to uncertainties,

because the calculation result depended very much on
the assumed boundary condition, i.e., the temperature at the
cathode, and the latter was also unknown. Therefore, in the
present paper, we intend to estimate the cathode temperature,
based on the one-dimensional heat conduction equation.

Wilken et al.19 have also calculated the sample surface
temperature, based on a cylindrically symmetric heat conduc-
tion equation, in order to determine the expansion and
contraction of the sample surface. They calculated a tempera-
ture increase at the surface of up to 100 K, and steady state was
reached after a few seconds. They performed calculations for
several fixed values of the power input into the sample.19

In our model, the power input is calculated explicitly from
the bombardment of energetic ions and atoms from the glow
discharge plasma. It should, however, be noted that our calcula-
tions are also not fully self-consistent, because this energy input is
taken from previous calculations, and in reality, the input power
will not be fixed (constant in time), but will change when the
cathode temperature rises. However, the present assumptions are
good enough to illustrate the cathode heating effects.

The calculation method will be described in Section 2. In
Section 3, the calculated cathode temperature will be illus-
trated, and the important effect of cooling will be discussed.
The effect of discharge conditions (i.e., electrical power) on the
calculated cathode temperature will also be presented, and
comparison will also be made for different cathode materials.
Finally, conclusions will be given in Section 4.

2. Description of the calculation method

The temperature of the cathode surface, as well as the tem-
perature distribution inside the cathode material, are calculated
with the heat conduction equation. As mentioned above, the
energy input into the cathode, responsible for the heating, is
due to the bombardment of energetic ions and atoms from the
glow discharge plasma. We assume here for simplicity that the
energy input is uniform in the radial direction, which is in any
case required to obtain flat craters, hence for good depth
profiling. Therefore, the heat conduction equation is only
considered in one dimension:
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k, Cp and r are the thermal conductivity, heat capacity and
mass density of the cathode material, respectively. The term at
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the left-hand side represents the time-evolution of the
temperature. The first term at the right-hand side stands for
the spatial variation as a result of heat conduction, whereas the
last term at the right-hand side gives the energy input minus the
energy loss per time unit, responsible for the temperature
evolution.

The energy input term, due to the bombardment of energetic
plasma species, i.e., Ar1 ions, fast Ar atoms, as well as ions of
the cathode material (M1),20 is calculated as:

LE

Lt

� �
input

~

ð
E

fArz Eð ÞdE�EArzz

ð
E

fAr0 Eð ÞdE�EAr0z

ð
E

fMz Eð ÞdE�EMz

where f(E) stands for the flux energy distributions (in cm22 s21)
of the bombarding species (Ar1, Ar0 and M1). Hence,
multiplying these flux energy distributions with the correspond-
ing energy, and integrating over all energies, yields the power
input (or energy input per time). As mentioned above, by using
a fixed energy input, the calculations are not completely self-
consistent. Indeed, in reality, a rise in the cathode temperature
will affect the discharge through the gas temperature, and that
will slightly change the energy input. However, the approxima-
tion of a fixed energy input is good enough here, to illustrate
the cathode heating effect.

Since the typical implantation depth in glow discharges is
only in the order of a few nm,21,22 which is much smaller than
the spatial grid in the calculation, we assume that this energy
input only takes place at the first grid position (i.e.,
representing the surface).

The energy loss per unit time is in practice due to cooling, but
it is not straightforward to predict this cooling as an energy loss
term. Therefore, the cooling is taken into account in the model,
by using a suitable boundary condition for the temperature.
We assume water cooling from the backside, by using a Cu
cooling block of 1 cm thickness, with the water flowing in the
middle of it. Further, we assume that the water has a
temperature of 40 uC (313 K).23 The sample thickness then
determines the distance between the surface and the position at
which the cooling is applied. Because the heat transfer between
the water and the Cu cooling block is very efficient, in case of
perfect contact, it can be assumed that the cooling block has the
same temperature as the water, at the position of the water
cooling. Therefore, the boundary condition, in case of perfect
cooling, is taken as T ~ 313 K, at the distance defined by the
thickness of the sample 1 0.5 cm (i.e., position of cooling water
in the middle of the cooling block).

Another possible loss mechanism, which only comes into
play at very high surface temperature (e.g., in case of no cooling
at all), is given by the energy loss due to evaporation of the
sample material. Indeed, in this extreme situation, when
the temperature of the sample exceeds the melting point, the
material would start melting, and when the temperature rises
further and exceeds the boiling point, it could even start
evaporating. Although not important in most of the practical
glow discharge situations, the mechanisms of melting and
vaporization are taken into account in the model. When the
cathode temperature at a certain distance from the surface
would reach the melting point, the temperature at this position
stays constant with further energy input, during the phase
transition. With still more energy input, the further tempera-
ture rise can again be calculated with the above heat
conduction equation, but using thermal properties of liquid
material.

When the temperature would rise further, vaporization could
start playing a role, and consequently, this has to be taken into
account as energy loss mechanism in the heat conduction

equation. This energy loss is calculated from the mole flux of
evaporated atoms, multiplied with the molar heat of
vaporization. The mole flux of evaporated atoms, jevap, is
determined from the vapour pressure at the surface tempera-
ture, pvap(Ts), which is calculated by integrating Clausius–
Clapeyron equation:
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Here, Ts and Tb represent the surface temperature and the
normal boiling temperature at pressure p0 ~ 1 atm. DH lv is the
heat of vaporization (i.e., transition from liquid to vapour), R is
the gas constant, M is the molecular mass of the evaporated
atoms, and A represents a sticking coefficient, which is usually
taken equal to unity for metals. However, because the power
input in glow discharge sputtering is typically quite low (see
further), this loss mechanism is in practice negligible in the
present case, except when the target is not cooled efficiently,
and the target temperature would become very high (see
below).

The one-dimensional heat conduction equation is calculated
with an explicit finite difference method, and yields the
temperature distribution inside the cathode (sample) as a
function of time.

3. Results and discussion

The calculations will be performed for a Grimm-type glow
discharge cell, at typical conditions used for GD-OES, i.e.,
pressure between 440 and 1200 Pa, a discharge voltage between
800 and 1200 V, and an electrical current of 6–50 mA.24 Indeed,
the Grimm-type source typically operates at higher electrical
power than, for instance, the VG9000 glow discharge cell used for
GDMS, and hence the cathode heating will be more pronounced.
The energy input due to the bombardment of Ar1 ions, fast Ar
atoms and Cu1 ions is adopted from our previous modeling work
for these conditions.24 In first instance, we will focus on Cu as the
cathode material, and we will investigate the influence of cooling
efficiency. Moreover, we will also study the effect of operating
conditions (voltage, pressure, current) on the cathode heating.
Afterwards, the cathode temperature will be calculated for
different cathode materials, and the consequences for practical
glow discharge analysis will be discussed.

3.1. Cu sample: Effect of cooling efficiency

As mentioned above, the effect of cooling is taken into account
in the model, by assuming as the boundary condition a
temperature of 313 K at a certain distance, defined by the
sample thickness 1 0.5 cm (i.e., halfway the Cu cooling block
of 1 cm). In first instance, we assume perfect contact between
the sample and the cooling block.

Fig. 1 shows the calculated temperature distribution in a
sample of 1 cm thickness, as a function of time, for a gas
pressure of 850 Pa, a discharge voltage of 800 V, and an
electrical current of 25 mA. For these conditions, the input
power as a result of bombardment of the energetic plasma
species was calculated to be 70.3 W cm22, which means 8.8 W
for an anode diameter of 4 mm. Hence, this corresponds to 44%
of the electrical power (which is equal to 20 W).

In the beginning, the sample temperature is 300 K, which was
set as initial condition. As time evolves, the temperature at the
surface rises, due to the bombardment of energetic species. As a
result of heat conduction, the temperature inside the cathode
material rises as well. However, due to the boundary condition
(T ~ 313 K) at a depth of 1.5 cm (i.e., thickness of the sample
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1 0.5 cm), the temperature rise is limited to about 339 K at the
maximum (i.e., at the surface). After about 4 s, the sample
temperature appears to have reached steady state, and the
temperature will remain constant in time, as long as the
cathode bombardment and sample cooling remain the same.
These results are in fairly good agreement with the data
presented by Wilken et al.,19 when taking into account the
differences in power input, kind of material and boundary
conditions.

It should be mentioned that this calculated time-evolution is
not completely self-consistent, because the energy input was
fixed (constant in time). In reality, the rise in cathode
temperature yields a change in the plasma behaviour, through
a change in gas temperature, and hence the energy input will
also change slightly as a function of time. It is, however,
expected that this effect has no major influence on the
calculated time-evolution of the cathode temperature.

The effect of sample thickness on the temperature is shown in
Fig. 2. A thicker sample means that the cooling takes place
further away from the surface. From Fig. 2a, it is clear that the
temperature profile in the sample is the same in all cases, i.e.,
characterized by a linear gradient. Consequently, the surface
temperature is higher for the thicker samples. As shown in
Fig. 2b, it also takes a longer time before steady state is reached
for the thicker samples. However, in all these cases, the surface
temperature is still quite low (i.e., less than 100 uC). It is clear
that these values represent the lower limit, when the cooling is
very efficient.

When the cooling is not perfect, i.e., when there is no good
thermal contact between cooling block and sample, the heat
conductivity at the contact position will be much lower than the
bulk value of Cu. However, it depends on how bad the contact
is, and the latter is generally not known exactly. Hence, this
effect cannot easily be described in the heat conduction
equation. Moreover, bad thermal contact will probably be a
two-dimensional (or even three-dimensional) effect, which can,
therefore, not be described with our one-dimensional model.
Therefore, in order to represent the effect of inefficient cooling,
we have assumed as the boundary condition different
temperature values at the end of the Cu sample (i.e., contact
position with the cooling block), and the result is shown in
Fig. 3, for a sample thickness of 1 cm. The thick solid line
represents the case of perfect contact, and a boundary
condition of T ~ 313 K at 1.5 cm. The other curves are the
result of imperfect contact, illustrated by a temperature jump at
the contact position (1 cm depth). As mentioned above, the
exact value of the temperature jump is not known, hence we
have simulated a few cases, with a temperature jump at the
contact position (1 cm depth) of 30 K, 80 K, 130 K and 180 K.

It appears from Fig. 3 that the temperature gradients inside
the Cu cathode material itself are all linear, with the same slope,
independent from the value of the boundary condition. Indeed,
the slope depends only on the material thermal conductivity,
and on the power input value, which are the same for all curves
in Fig. 3. The value of the boundary condition only determines
the absolute value of the surface temperature. In other words,
the surface temperature rises linearly with increasing tempera-
ture value at the boundary. This explicitly indicates that the

Fig. 1 Calculated temperature profile inside the cathode material, as a
function of time, for a Cu sample of 1 cm thickness, at 850 Pa, 800 V
and 25 mA. The surface is found at depth ~ 0 cm, and the cooling
(represented by a boundary condition: T ~ 313 K) takes place at a
depth of 1.5 cm (~ sample thickness 1 0.5 cm of cooling block).

Fig. 2 Calculated temperature profiles inside the cathode material at
steady state (a) and calculated cathode surface temperature as a
function of time (b), for a Cu sample with varying thicknesses, at
850 Pa, 800 V and 25 mA. The various curves are labelled according to
the position of cooling, which is at a depth equal to the sample
thickness 1 0.5 cm (i.e., halfway point of the cooling block of 1 cm).
The cooling is represented by the boundary condition: T ~ 313 K.

Fig. 3 Calculated temperature profiles inside the cathode material at
steady state, for a Cu sample of 1 cm thickness, at 850 Pa, 800 V and
25 mA. The thick solid line stands for perfect cooling. The other lines
represent several degrees of imperfect contact between cooling block
and Cu sample, indicated by the temperature jumps at the end of the
sample (i.e., at a depth of 1 cm).
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cathode surface temperature depends strongly on the efficiency
of cooling.

Finally, as an upper limit for the temperature in the case of
inefficient cooling (or in other words: the absence of cooling),
we have applied the heat conduction equation with another
kind of boundary condition, i.e., T ~ T initial (~ 300 K) for
infinite distance (x A ‘).

It is clear that in this case, the surface temperature would rise
to very high values (i.e., more than 1000 K), as appears from
Fig. 4. Note that the sample thickness is here undefined,
because the result is independent from this value. In fact, these
calculations were performed for ‘‘infinitely’’ thick samples (see
boundary condition above).

It appears from Fig. 4 that steady state is only reached after
about 3000 s, or almost 1 h. Such a steady increase in surface
temperature as a function of time is also experimentally
observed in case of no or bad cooling.23 Note that for short
sputtering times, the cathode heating is, however, still limited,
but of course, steady state is then not yet reached.

Again, as mentioned above, this calculated time-evolution is
not completely self-consistent, because the energy input is
taken constant in time, and in reality, it will change as a
function of time, because the rise in cathode temperature yields
a change in discharge conditions, and hence a change in energy
input, due to the bombardment of plasma species. In contrast
to our previous calculations, where efficient cooling was
applied, and the temperature rise was not so high, the
assumption of a constant energy input is here a somewhat
stronger approximation.

Fig. 5a illustrates the calculated temperature profile within
the sample as a function of time, in the case without cooling.
Because of the high surface temperature, and the good thermal
conductivity of Cu, the temperature inside the cathode material
increases also to very high values, even very deep in the
material, i.e., much deeper than the thickness of real samples.
Therefore, this figure does not represent a real glow discharge
case, but it is useful as an illustration, to obtain a better feeling
about the heat conduction inside a Cu sample. It is clear from
this figure that, in the case without cooling, the temperature at
the back of the sample would be very high, even for not too
long analysis times. For instance, at 1000 s (i.e., about 17 min),
the temperature at the surface is calculated to be about 1200 K,
and the temperature at the back of a sample of a few cm
thickness is only a few tens of K less, as appears also from the
slopes of the curves in Fig. 3.

At these high temperature values, melting and even vaporiza-
tion of the cathode material could start playing a role in glow
discharges. Fig. 5b illustrates the calculated fraction of molten
sample material as a function of time and depth in the material
(1 ~ 100% molten, 0 ~ 100% solid, and between 0 and 1
indicates partially molten). The material starts melting when

the temperature exceeds the melting point of Cu (i.e., 1358 K),
and the fraction of molten material increases as a function of
time. Again, this figure is not very realistic for practical analysis
times and sample thicknesses, but it is informative as an
illustration. For instance, it is clear from this figure that after
about 1 h of analysis time, a Cu sample (with typical thickness
of a few cm) would be entirely molten, in case of no cooling.

Beside melting, the material would also start to evaporate
after about 1300 s (or 22 min), in case of no cooling. Fig. 6
shows the flux of evaporated atoms as a function of time (solid
line), in comparison with the flux of sputtered atoms (dashed
line). Again, the sample thickness is undefined here, because of
the applied boundary condition (T ~ T initial for x A ‘; see
above).

Whereas the flux of sputtered atoms is calculated to be about
1.7 6 1018 cm22 s21 (constant as a function of time), the flux of
evaporated atoms increases as a function of time. At about
1600 s (or 27 min), the flux of evaporated atoms is comparable
to the flux of sputtered atoms, but at longer times, the
evaporation flux becomes much higher. Hence, in this (theore-
tical) limit of no cooling, evaporation could be the dominant
sample-atomization mechanism.

Fig. 4 Calculated cathode surface temperature as a function of time,
for a Cu sample at 850 Pa, 800 V and 25 mA, in the case without
cooling.

Fig. 5 Calculated temperature profile inside the cathode material (a),
as a function of time, for Cu, at 850 Pa, 800 V and 25 mA, in case that
no cooling is applied. Also shown is the fraction of molten material as a
function of time and depth, for the same conditions as in (a), (fraction 1
means 100% molten; fraction 0 means 100% solid; fraction between 0
and 1 stands for partially molten material).

Fig. 6 Calculated flux of evaporated atoms (solid line) and sputtered
atoms (dashed line) as a function of time, for a Cu sample, at 850 Pa,
800 V and 25 mA, in the case of no cooling.
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Hagelaar and Pitchford have theoretically investigated the
importance of evaporation of Zn cathodes in GD-OES.25 They
found that for Zn, which has a high vapour pressure in the solid
phase, evaporation is even important below the melting point.
In our model, we assume that, upon increase of temperature,
first melting occurs, and only for higher temperatures
evaporation starts playing a role. This is true for most
metals (such as Cu), which have a much lower vapour pressure
in the solid phase. Hence, even for these materials, it seems that
evaporation (from the liquid phase) can play a role, but of
course only in the extreme case of no (or very bad) cooling.

Of course, to summarize, the above results for the upper limit
of no cooling, are only by way of illustration, because a glow
discharge will never be operated for such a long time without
cooling. The real temperature inside the cathode material will
be somewhere in between the limits of perfect cooling and no
cooling. The results, however, clearly demonstrate that the
cooling efficiency has obviously a major effect on the cathode
temperature. Moreover, since this parameter determines the
gas temperature, and hence the electrical and also analytical
conditions, attention should be paid to the cooling efficiency, as
was also pointed out in ref. 16.

3.2. Cu sample: Effect of discharge conditions

It is clear that the cathode surface temperature will increase
more for higher energy input from the bombarding plasma
species, and the latter will be higher for higher values of voltage
and current. Fig. 7 shows the calculated temperature distribu-
tion inside a Cu sample of 1 cm thickness (i.e., cooling at 1.5 cm,
with boundary condition T ~ 313 K), after steady state is
reached, for various conditions of pressure, voltage and
current. The value of the power input into the cathode
material, due to the bombardment of energetic plasma species,
is also given for each curve. We found that this power input is
always around 45% of the electrical power. Hence, a rise in
voltage and current results in an increase in the input power
into the cathode, and consequently in a higher cathode
temperature, as is clear from Fig. 7. However, in this case of
perfect cooling, the surface temperature never exceeded 400 K,
even for the highest voltage and current investigated (1000 V,
50 mA). This indicates that the discharge conditions have some
effect on the cathode temperature, but for the typical operating
conditions of analytical glow discharges, the effect is of minor
importance, compared to the efficiency of cooling.

3.3. Effect of sample material

Finally, we have performed calculations for various cathode
materials, with different thermal properties. The input data for
the different materials were adopted from ref. 26. Again, the
calculations are not fully self-consistent, because the energy
input due to the bombardment of energetic plasma species was
taken from our previous calculations for Cu, and the fact that a
different material yielded a different cathode temperature, and
hence somewhat different plasma conditions, is not taken into
account in this cathode heating source term. However, this
effect is not so large, so it will not have much effect on our
calculation results. The different thermal properties of the
different materials have a much larger effect, and that is
correctly taken into account in the model.

Fig. 8a illustrates the calculated temperature profiles at
steady state conditions, for various materials. The sample
thickness (1 cm) and the boundary conditions (T ~ 313 K at
1.5 cm depth) are taken as constant, as well as the operating
conditions (i.e., input power into the cathode material of
8.83 W, see above). It is clear that big differences exist between
the calculated cathode temperatures of different materials,
which are directly related to the thermal conductivity. Cu has a
very high thermal conductivity (k ~ 401 W m21 K21),26 which

results in a rather low surface temperature (ca. 340 K, for the
conditions under study here), because the heat is easily
conducted towards the inside of the material, and the boundary
condition at 1.5 cm depth has significant impact on the rest of
the cathode. Zn and Fe have a somewhat lower thermal
conductivity (i.e., k ~ 116 and 80 W m21 K21, respectively26),
and therefore, the cathode surface temperature can rise to
somewhat higher values, for the same conditions (i.e., ca. 380 K
and 410 K, respectively). Ti, alumina (Al2O3) and stainless steel
are characterized by still lower thermal conductivities (i.e., k ~

22, 17 and 15 W m21 K21, respectively26), and this is reflected
in clearly higher cathode surface temperatures, as follows from
Fig. 8a. Note that the temperature gradient between 1 and
1.5 cm depth is the same for all curves, because this relates to
the Cu cooling block.

For these materials, not only is the cathode surface
temperature at steady state conditions higher, but it also takes
a longer time before steady state is reached, as is illustrated in
Fig. 8b. Whereas for Cu, the time to reach steady state is only a
few seconds, it takes in the order of 1 min for stainless steel. It
should be mentioned that not only the thermal conductivity
(k), but also the specific heat (Cp) and the mass density (r) of
the materials play a role in determining when steady state is
reached (see heat conduction equation, above).

Fig. 7 Calculated temperature profiles inside the cathode material at
steady state, for a Cu sample of 1 cm thickness, in case of perfect
cooling (boundary condition: T ~ 313 K at a depth of 1.5 cm), for
various conditions of pressure, voltage and current. For every curve,
the power input into the sample due to bombardment of energetic
plasma species is also indicated (Pin).
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Note that these results are all obtained in the case of perfect
cooling, with T ~ 313 K at a depth of 1.5 cm. It is clear that
when the cooling is not so efficient, the cathode surface
temperature for the different materials will be higher, but the
trends will remain the same (since the slope of the curves is only
determined by the power input and the thermal conductivity of
the material). Hence, it is clear that the cathode surface tem-
perature can show large variations (i.e., several hundreds of K)
for different cathode materials, for the same power input and
efficiency of cooling.

Experimentally it is well known that different cathode
materials can give rise to different electrical characteristics
(voltage–pressure–current relations), and this variation cannot
solely be explained by differences in the secondary electron
emission coefficients.27 However, since the voltage–pressure–
current relations depend strongly on the gas temperature, and
the latter is directly related to the cathode surface temperature,
the variation in cathode surface temperature, as shown in
Fig. 8, can explain why different cathode materials exhibit
different electrical characteristics.

This is an important consequence of the cathode heating
effect, because it could also be the reason for so-called matrix
effects in glow discharge spectrometry, i.e., the different
analytical sensitivity of elements for different matrices.
Indeed, when a certain matrix (cathode material) yields a
higher cathode temperature, and hence gas temperature, and
therefore a lower electrical current for the same voltage
and pressure (or a higher pressure for the same current and
voltage), the elements within that matrix might be less (or
more) efficiently ionized or excited, affecting their analytical
sensitivity. In practice, however, the influence will probably still
be more complicated, because also the secondary electron
emission yield plays a role. But in general it seems favourable

for good analytical practice, to efficiently cool the sample
material, not only to reduce the effect of gaseous impurities
(e.g., H2O vapour), but also to minimize the differences in
electrical conditions for different matrices.

Conclusion

We have calculated the temperature distribution inside the
cathode material of analytical glow discharges, by means of a
one-dimensional heat conduction equation. The cathode is
bombarded by energetic plasma species, and this results in a
rise in the cathode temperature. It is found that for perfect
cooling, the cathode surface temperature, in case of Cu, does
not increase to a large extent. However, the efficiency of
cooling appears to have a major effect on the cathode surface
temperature, and for inappropriate cooling, the cathode
surface can become very high. As an illustration, we have
also performed calculations for the limit of no cooling. In this
case, the cathode surface temperature rises to values above
1000 K, and it takes a long time before the temperature reaches
a steady state. Also melting and vaporization can then come
into play, when the analysis time would be long enough.

The effect of glow discharge operating conditions on the
cathode temperature is also investigated. As expected, a higher
pressure, voltage and current yield more energy input into the
cathode, which results in a higher cathode temperature.
However, the effect is found to be of minor importance,
compared to the efficiency of cooling.

Finally, calculations are performed for different cathode
materials, and major variations in the cathode surface tempera-
ture were obtained, due to differences in the thermal conductivity
of the materials. Since the cathode surface temperature
determines the gas temperature, and hence the current–
voltage–pressure relations, this can explain why different cathode
materials exhibit different electrical characteristics.
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