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Abstract. In this work, we present Doppler free two photon optogalvanic measuremient t@ determine the local electric field
strength (E-field) in the cathode fall region of a hollow cathode discharge, operated in puge hydrogen, via the Stark splitting of the
2S level of hydrogen. The main aim of this article is the comparison of the measuréments made with different cathode materials,
stainless steel and tungsten, both of them widely used in low-pressures discharges. Spugteringwof stainless steel is the principle
cause of the differences observed for the E-field variation, and the differences are analysed inthe frame of the sputtered material in
a wide range of discharge conditions. Complementary images of the dischagge luminosity allow for the conclusion; that the
cathode dark zone corresponds in good approximation to the cathode fall length.

1. Introduction

Low temperature plasmas, usually far of thermodynamic equilibrium, have been studied since many
decades and this trend still continues, see e.gw]1-5], bécause many of those plasmas are of
technological relevance or related to industrial applications. However, a deep understanding of the
corresponding plasma characteristics is still faissing. According to the large sort of plasma conditions
generated in dc, pulsed or RF discharges and different‘geometrical configurations, many experimental
techniques are employed to study important,plasma.parameters: kinetics gas temperature, neutral and
charged particle density, lines shapes, energy distributions, etc [6,7]. A relevant discharge
characteristic is the local electric field stgengthy(E-field), because it dominates charged particle fluxes,
their energy distributions functions and the charge densities. Over the years, various strategies have
been developed to measure the/E-field present in different kind of discharges: RF discharges, plasma
jets, etc... Laser spectroscopic te¢hnigues can provide high spatial and temporal resolution employing
nanosecond light pulses and modesate irradiances. Most E-field measurements are based in Stark
splitting, shifting and mixihig-af the Rydberg states of different atomic and molecular species, using any
kind of emission spectroscopy onactive laser spectroscopy, see for instance [8-22].

In general, it is faifly difficult to compare the results obtained for different experimental conditions
related to discharge design and geometry, as well as discharge conditions given by carrier gas, current
and pressure, cathodegnaterial, etc. For these reasons, the possibility of comparing experimental results
obtained forhe same discharge conditions, while varying the cathode material and diameter, offers the
opportunity to.study the impact of these changes on the cathode fall characteristics. This article is
focuseddn the comparison of the E-field measurements made with two cathode materials, stainless steel
and tungsten, both of them widely used in low-pressures discharges. As will be seen in this paper, the
cathode* matesial will have an important influence on the plasma characteristics due to sputtered
material; seg ref. [23-28].

Beside©f various buffer or carrier gases that can be used, hydrogen is of particular interest, because it
plays an important role in several plasmas technological processes due to its pronounced chemical
teactivity. For many years our group has studied E-field strength in a hollow cathode hydrogen
discharge using two Doppler-free laser spectroscopy techniques: two-photon polarization spectroscopy
[29] and optogalvanic spectroscopy [30-33] based on the Stark splitting of the 1S-2S hydrogen
transition. In general, in optogalvanic spectroscopy the detection system does not require a complex
experimental arrangement. Nevertheless, it can provide exceptional high spatial resolution: e.g. 80 %
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Our experimental arrangement includes a versatile hollow cathode discharge (HCD), where the
cathode diameter and material can be easily changed. In a first measurement campaign two tungsten
cathodes of 10 and 15 mm of inner diameter [32] allowed us to study the influence of the cathode
diameter on the cathode fall characteristics. It turned out that the cathode fall does not depend on the
geometry operating the discharge with equal current density for both cathode diameters keeping all
other discharge parameters fixed. Therefore the measurements of our tungsten HCD serve as cathode
fall reference to be compared with plane-parallel electrodes discharges [35-39], and they are also valid
to test one-dimensional models.

The second measurement campaign using stainless steel cathodes_- presented in this paper - is
dedicated to study if the cathode material may have an influen€e on the'eathode fall characteristics by
comparing the cathode fall of the tungsten HCD with those obtained for stainless steel. However, a
previous study revealed, that E-field determination in stainless steelis extremely sensitive with respect
to the irradiance of the laser radiation (which corresponds to thedaser pulse energy) in the excitation
volume, because increasing irradiance causes erroncously higher'E-field strengths for stainless steel
cathode not observed for tungsten [33]. This phenomenon-is almost certainly related to sputtering rate
of stainless steel, which is estimated to be 10* timés larger than in tungsten [40], because the plasma in
the vicinity of the cathode may be remarkably contaminated. This previous study was very important
for reliable E-fields determination for the stainless steel, which requires a much more restricted
irradiance limitation; hence the laser pulse energy control is indeed crucial.

This article describes shortly in Segtion 2%the experimental arrangement and the measurement
procedure, the recorded Stark spectra and the detérmination of the corresponding local E-field values.
In Section 3 the cathode fall charécteristics determined for two stainless steel cathodes of different
inner diameters (10 and 15 mm) are eompared in order to study the influence of the cathode geometry.
The most extended part of théuarticle\is Section 4; comparing the entire cathode fall characteristics
obtained for tungsten and stainless'steel eathodes in a wide range of discharge conditions. Related data,
like the maximum E-fieldpresent at the cathode surface and the length of the cathode fall extension
(cathode dark space) aré presented. Finally, the perturbation of the cathode fall characteristics due to
sputtering is studied.

2. Experimental afrangement/measurements and E-field determination

The whole experimental arrangement is widely explained elsewhere [32], so here we only give the
most important details. The plasma source is a home-made hollow cathode discharge (HCD), operated
with purethydrogen in abnormal glow regime. The central hollow cathode has a length of 50 mm and is
placed between tworcone-peaked stainless steel anodes. This design provides a symmetrical discharge
witheexcellent long and short term stability of the discharge impedance, which is crucial for the
backgroundsignal in optogalvanic detection. Different cathodes made of tungsten or stainless steel and
with two different inner diameters (10 or 15 mm) can be inserted. Anodes and cathode are placed in a
water-cooled outer brass structure. All pieces are electrically isolated and the anodes have off axis axial
perforation for end-on spectroscopic measurements. A continuous gas flow of about 10 cm’s™! is
entering at one anode and leaving at the opposite one. The discharge is operated in a wide range of
pressures and currents, from 400 to 1350 Pa, and from 50 to 300 mA, leading to E-field strengths up to
4.5 kV/cm close to the cathode surface.

The entire discharge voltage (Vd) vs discharge current, i:e. the voltage-current characteristic curves, are
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»sitive slope indicates that the discharge is operated in abnormal glow regime. V4 is only slightly
higher for the stainless steel cathodes when cathode sputtering becomes considerable, i.e. higher

discharge current and lower pressure. Further analysis will be shown in Section 4.

Reliable laser spectroscopic measurements presented in this paper require tuneable UV-laser radiation
with exceptional characteristics. Up to now commercial laser systems cannot provide such radiation.
Therefore in our laboratory, we started already more than two decades agé to develop advanced pulsed
single longitudinal mode (SLM), UV-laser spectrometers, especially.suited, for laser-aided plasma
diagnostic. The present system consists of a 10 Hz injection-segded "Q-switeched Nd:YAG laser
(Continuum, Powerlite 9000) and a modified OPO-KTP, OPA-BBO systém (Continuum, Mirage 500)
including additional sum-frequency generation (SFG-BBO) crystak Theéwyhole chain of non-linear
processes involved had to be optimized for high conversion efficiency, stability and reliable operation.
This concept provides tuneable laser radiation around 243 mm/up.to 10 mJ pulse energy, single
longitudinal mode operation, 2.5 ns pulse duration and a 300“MHZzbandwidth. The beam divergence is
less than 100 prad. The pulse energy conversion efficiengy fromithe infrared output of the Nd:YAG
laser into tuneable UV-radiation is about 2%. Since the.OPOyeduces the pulse duration by a factor of
three, the pulse peak power conversion efficiency is as higher as 5%.

To verify the spectral quality and the regular tuning of thefaser emission while recording the spectra,
the OPO signal is controlled by a monitor etalon with free spectral range (FSR) about 7 GHz and a
photodiode. The standard deviation of the fringegeparation for the most usual sets of measurements is
about 160 MHz, half of the laser bandwidth,

High resolution Doppler-free two-photopn absorption measurements were performed by optogalvanic
detection. Following the selection fules ofithe two-photon excitation for the 1S-2S hydrogen transition
(AL = 0), two opposite circularly polarized laser beams were focused with 1 m focal length lenses in
the measurement volume. The“e¢ounter-propagating laser beams are crossing in the horizontal plane;
and the beams overlap is aligned parallel'to the cathode surface, and centred with respect to the cathode
length [33]. To achieve this,.the discharge source is mounted in two linear translators. The horizontal
one provides a good alignment'¢ontrol for the counter-propagating laser beams. The vertical allows
performing the medsurements fat different distances from the cathode surface. The closest
measurements werédakefi at 160 um from the cathode surface limited by the device geometry. The
overlap volume i§ contrelleddn real time by spatial profile analyser LaserCam-HR-UV.

The signal reCorded via‘eptogalvanic spectroscopy is caused by the simultaneous absorption of the two
photons, followed by photo-ionization due to the absorption of a third photon. This induces a tiny
change ifi the,impedance of the discharge that can be detected as a transient voltage drop between the
cathode and‘one anode. Recent calculations based on first principles [34] allowed us to determine the
threé-dimensienél photo-ionization yield in the excitation volume. The study revealed an extraordinary
highispatialgesolution, because 80 % of the optogalvanic signal comes from the overlap volume of only
100, umein diameter and 10 mm length, at moderate laser pulse energy of 45 pJ, i.e. irradiance of
150 MW/cm?. Varying the pulse energy, the signal can suffers saturation due to depletion of the atomic
ground.state density and the life time reduction of the 2S level due to photo-ionization. A previous
study [33], demonstrated that for tungsten cathode the signal saturation produces only an additional
broadening of the Stark components which does not affect therefore the E-field determination. On the
other hand, exceeding a certain maximum irradiance using stainless steel cathodes causes additionally
a pronounced shifting of the Stark components, which results in erroneous higher E-field strengths.
This is referred to the sputtering rate, which is about 10* times larger for stainless steel compared to
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igorous control of the laser pulse energy and of the laser beam focus.

In figure 1 several typical spectra recorded close to the cathode surface are shown for a 10 mm stainless
steel cathode, operated at a pressure of 400 Pa and a current of 50 mA. The E-field present in the
cathode region causes the Stark splitting and shifting of the 2S level of hydrogen [29]. The recorded
spectra have three characteristics peaks, corresponding to the 2P, 2S'2 and the 2P*? components. The
exceptional narrow bandwidth of the laser (300 MHz) allows resolving ?f hyperfine structure of each
Stark component, as can be seen in figure 1. The frequency separation measured between the 2P"2 (red)
and the 2P3? (blue) components i.e. (Av=v(2P'?) -v(2P*?)) is compargéd @1 the theoretical predictions
[29] to determine the local E-field value. Obviously, with increasing ce from the cathode surface
the E-field decreases and the components become closer. The intensity o signal decreases with the
distance from the cathode surface due to the optogalvanic detegtions In re 1 the choice of the 0 GHz
value is not relevant; it was fixed in the hyperfine component of thé eentral (2S"?) one.

Opt. signal (a

GHz at 243 nM

~

L -10
tak?/at different distances from the cathode surface (d) in a 10 mm stainless steel

Y,
cathode, at a pre% and 50 mA current.
3. E-fieldvari D

Figure 1: Set of r

on with current density in stainless steel cathodes of different diameters

mﬁasurement campaign using tungsten cathodes [32] revealed that the cathode fall
i‘e. the variation of the E-field strength with distance from the cathode surface, do not
depend on ‘the cathode diameter. This means that our measurements, performed in a particular
discharge design, can be directly compared with other discharge geometries. Before starting with the
compagison between the two different cathode materials, it is reasonable to check first if the same
cluﬁon is also valid for stainless steel cathodes; using the same current densities than in tungsten
\?atho es (3.18, 6.37 and 9.55 mA/cm?), with two different inner diameters (10 and 15 mm). However,
or stainless steel cathodes, reliable optogalvanic measurements were not possible for the same wide
nge of the discharge conditions as for tungsten, because the short term stability of the discharge
impedance, i.e. signal noise is worse. This is referred to the much larger sputtering rate for stainless
steel, which can cause inhomogeneous contamination of the hydrogen plasma resulting in short time
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gh spatial resolution optogalvanic detection.

Figure 2 shows all the possible comparisons for stainless steel cathodes for the two diameters. For
better clearness, each plot shows the E-field strength vs distance from the cathode surface for a fixed
pressure and current density, indicated in the figure. Parabolic or linear fits have been applied to the
experimental data. For both diameters the behaviour is quite similar, follewing the same conclusion
than in the previous work with tungsten cathode [32], i.e., the cathode diaigter has only little influence
on the cathode fall characteristics. However, due to sputter material, thissdoes not conclude, that

stainless steel cathode can provide pure hydrogen plasma as found for t@?sten thodes. Therefore, a
more detailed analysis will be presented in section 4.
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Figure 2; E-fiéld strength vs radial distance from the cathode surface in two stainless steel cathodes, for cathode
diam t;c_:s 0 alyzf 15 mm and different current densities (3.18, 6.37 and 9.55 mA/cm?).
4. parlyon of cathode fall characteristics for stainless steel and tungsten cathodes
_—

To study the influence of the cathode material E-field measurements performed in stainless steel
cathodes, are compared with recent results obtained for tungsten cathodes [32]. For the comparison

lxt ¢ measurements in 15 mm cathodes are shown (section 4.1), just because reliable optogalvanic
imeasurements were possible in a wider range of discharge parameters. Nevertheless, the behaviour in

mm cathodes is very similar. In section 4.2, the variation of the maximum E-field and the length of
the cathode fall (der) are analysed with pressure and current. In section 4.3 the cathode fall
characteristics are linked to cathode sputtering. To complete the analysis images of the discharge
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4.1 E-field strength variation.
In figure 3 stainless steel and tungsten E-field strengths measured in 15 mm cathodes are plotted
together for comparison. In the figure, each row corresponds to the same pressure, and each column to
the same discharge current. Each E-field value is plotted with its error bar, resulting from the small lack
of regularity of the laser frequency tuning, controlled with an etalon.
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gt inless steel, and the cathode fall length dcr decreases with pressure and current. For

e curves for the two cathode materials become remarkably separated with increasing

current. Nevertheless, for 900 Pa the cathode falls are very similar for both cathode materials and all
ischarge C§Tents.

: An)lysis of maximum E-field strength and cathode fall length

ﬁh’G\E—ﬁeld measurements presented before allow obtaining the tendency of some important

arameters like the maximum E-field (Emax) at the cathode surface, taken from the fits in figure 3, and
the length of the cathode fall region (dcf) with respect to discharge conditions and cathode material. All
tendencies are plotted for 15 mm cathode diameter, and a similar behaviour is observed for 10 mm
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In figure 4 (a), Emax is shown depending on discharge current for all pressures, and the plot (b) shows
Emax depending on pressure for all currents. For both cathode materials and all discharge pressures Emax
increases linearly with the current, and for 400 and 600 Pa the fits are crossing, while Emax is always
larger for 900 Pa. In figure 4 (b), attending to the variation with pressure for stainless steel and for the
currents of 150, 225 and 300 mA (solid lines) the maximum presents a coencave curve, with a slight
minimum at 600 Pa. This trend also appears for tungsten (dotted line) at 225 and 300 mA, whereas for
lower currents of 150 and 75 mA the trend is almost linear. A quite remarkable coincidence is the fact
that the curve described by stainless steel, at 300 mA, is practically r roHBced bytungsten, at 225 mA.
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Figure 4: Emax (a) vs applied current a&b}\ essure, for stainless steel (S) and tungsten (T) cathodes with an

inner diameter of 15 mm. \
The length of the cathode fall re dcr) is also an interesting parameter because it gives valuable

information about the digch As can be seen in figure 3, der decreases with increasing pressure and
current, being always Jar ngsten cathodes. Corresponding tendencies are shown more detailed
in figure 5 for both/cat terials. Plot (a) shows dcr vs current for all pressures, and plot (b)
exhibits the deyﬁ of d?r on pressure for all currents. In figure 5(a) der decreases sharply from 75
to 150 mA for aterial$ at for pressures of 400 and 600 Pa. For stainless steel, the fall slows down
gﬁlrre and pressure. For tungsten, in the range from 150 and 225 mA dcris almost

with increasi

ighest pressure of 900 Pa the slope is quite the same for both cathode materials. In
figure 5 (B), thewder decreases linearly for all discharge conditions. In general, with increasing current
ecreases, until the limit of stainless steel 300 mA where the der is nearly constant
withshe p surg{ For 75 mA the difference between both cathode materials is not very pronounced,
but the sepasa n becomes larger with current.
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Figure 5: Length of the cathode fall region (dcf) obtained fro@ igure 3 for 15 mm cathode diameter
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-

Before going into details, it is important to r&'\d, thatia constant flow of hydrogen is applied to the
a

50

.
0
(Pa)

4.3 Evidence of sputtering

discharge to extract the sputtered material, i.¢%to minirize the contamination and to maintain stable
discharge conditions. Our HCD design p iderninar hydrogen flow; hence the gas flow velocity
is zero along the cathode surface and i C‘Mra olic towards its maximum on axis. Therefore, in
general the contamination of the hydro asma.due to sputtered material is much larger close to the
cathode surface and decreases towaid the'géntral plasma.

hode fall characteristics is quite difficult, and becomes even more
complex if cathode sputtering hasyto be.taken into account [26, 41-45]. However, some parameters
allow for a simple evaluation, how ‘the hydrogen plasma of the HCD, suffers perturbation due to
sputtered iron (stainles§ steel)and tungsten. In a good approximation sputtering of tungsten is
negligible compared inless Steel, because it is estimated to be 10* times larger for stainless steel
[40]. Additionally, i
difference of atontic
difference of the iomizatio

iron and tungsten. Therefore, sputtered atoms are more easily ionized than hydrogen
ions have an explicit influence on the cathode fall characteristics, because they increase
which reduces the voltage necessary to drive the discharge current. Without doubt,

In general, the understanding

can be seen for all discharge pressures and all discharge currents in figure 3.
tendency becomes more pronounced for the lowest discharge pressure of 400 Pa,

cathode increases with decreasing pressure, hence the effect of the sputtering should be
ore evident. Furthermore, lower pressures facilitate the diffusion of the sputtered iron into the plasma.
iffusion scales with 1/n (n the density). This explains why the differences of the cathode fall

Th
wnasacteristics nearly vanish at 900 Pa although the differences increase little with discharge current.

figure 6 the cathode fall voltage (V¢) obtained from the integral of the E-field variation of the

cathode fall are represented versus the normalized current density, in the usual units of A/Torr’cm?.
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Publishin he different.slopes obtained for tungsten and stain!ess §teel cathodgs confirm the conclusiqns aboye:
lie perturbation of the cathode fall due to sputtering increases with lower pressure and increasing
current. According to this figure we concluded, that sputtering of stainless steel cathodes used for
hydrogen discharges is nearly negligible for normalized current densities remarkably smaller than e.g.

10 A/Torrcm?.

500 — /
. ¢ ]

400 \

S ¢ ] ‘)
s . / :

> 300 [ )5

8 ¢’ o ]

Y— *

© ,}o—-/”/ [ 1

QS 200[-%-e .

c

T ~-\\I

8 ( ,

100 &®
—e—Stainless Steel]
ﬁk"’Tu}s‘g%& ]

. L 1

%0 00005 o.o&@ﬁ 0,002
Normalized Current*Bensi orr2cm2)
Figure 6: Cathode fall voltage (V) obtained fro:kh< egral of the E-field falls vs normalized current density,
for stainless steel and tungsten.
R#N_

4.4 Comparison of discharge luminosi gth hode fall length

To complete our study of the cathode fall .alaracteristics, end on photographs of the discharge
luminosity have been taken fro onh%q%eh ide for both cathode materials and diameters in the wide
range of discharge conditions. ‘Nagf derstanding, figure 7 (a) shows one anode holder (brass)
with all connections for water cooling, gas and current supplies. The cone shaped stainless steel anode

has drill holes in the up r.’s\di)wer art for the end-on laser-spectroscopic measurements. The red

arrow indicates the lasefibeam i and output, and the “burned” peak of the anode indicates the stable
anode current spot. Figure ) shows typical recorded discharge luminosity. The central yellow circle
corresponds to a dediameter of 15 mm and the green circles indicate the anode with its drill holes.
mi 0
)

c
The shadow in ?Z\h fhhe picture corresponds to the shape of the peaked anode.

i~ 4

i ureﬁ: (a) Anode holder with inserted cone shaped stainless steel anode, viewed from the cathode side. (b)
Typieal discharge luminosity, with anode and its drill holes (green) and cathode (yellow). The red arrow
»digates the laser beam in and output.

Figure 8 shows various pictures of the discharge luminosity, for three discharge pressures, and two
discharge currents in stainless steel (S) and tungsten (T) cathodes. The images were taken with


http://dx.doi.org/10.1063/1.5040803

! I | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishin g ymmercial camera; and the luminosity represents therefore mainly the visible spectral region. The
scharge luminosity depends barely on the cathode material, but clearly on discharge conditions. The
different discharge zones, usually observed in linear glow discharges, are compressed towards the
circular cathode. With increasing pressure and decreasing current the circular discharge structure
appears more defined, see 900 Pa and 150 mA. Although cathode fall length is not the same for both
cathode materials, this behaviour cannot be detected visually, because the intensity emission is almost
the same when the discharge is operated in the same conditions for both ?terials.

150 mA 300 mA

600 Pa

900 Pa

pressures and two currents.

—_
—+

A very interesting r mes from the comparison of the discharge luminosity with the precise
cathode fall length{obtained feom figure 3. An example is shown in figure 9 for 400 Pa and two
discharge currents: 1 A gﬁgure 9 (a)) and 300 mA (figure 9 (b)). Both images are a composition of
luminosity obtained from*stainless steel cathode (S, left side) and tungsten (T, right side). The red
d to the cathode fall length (dcr) of tungsten obtained from figure 3, and the yellow
:s‘)teel. As mentioned above, for all measurements the luminosities observed for both
materials/cannotibe distinguish. For tungsten cathodes the measured def (red arrows) and the length of
ed in the luminosities agree very well. This finding corresponds to the conclusion
of the-previeus s(udy [32], that the discharge operated in tungsten cathodes provides pure hydrogen
1, in stainless steel, due to the presence of sputtered material, der is additionally
ssed (see figure 3), therefore the recorded luminosity does not show the real dcr value (yellow
course, when the amount of sputtered material is not so dominant (figure 9 (a)) the det
oth measured and estimated from the images, are more similar than in the case where the
fall is seriously affected by sputtering (figure 9 (b)). We can conclude therefore, that in the
se.of pure hydrogen plasma, the luminosity of the visible spectral range can provide a good
stimation of the cathode fall length [46].
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Figure 9: Comparison of luminosity images for 400 Pa for (a) 150'mA and (b) 300 mA. The left side
corresponds to stainless steel and the right side to tungsten cathode. The red arrows indicates the cathode fall
length (dcf) in tungsten, and the yellow arrows der in gtamnless'steel obtained from figure 3.

5. Summary

In this work, we present high resolution lo€al ¢clectric/field strength measurements conducted in a
hydrogen hollow cathode discharge (HCD) to detgrmine cathode fall characteristics for stainless steel
cathodes and to compare the new results with thoseecently obtained for tungsten. The excellent long
and short term stability as well as the High reproducibility of discharge parameters, required for such a
comparison, is provided by the design and the.yersatility of our HCD, because cathodes of different
diameters and materials can be inserted.

The E-field determination is based in«the splitting and shifting of the 2S level of hydrogen caused by the
Stark effect. Two counter-propagating circularly polarized laser beams provide Doppler-free
two-photon absorption measutgments. The subsequent photo-ionization due to the absorption of a third
photon caused the optogalvanic Signal. The E-field values are obtained from the frequency splitting of
the Stark components: 2P"*and 2P32. The laser radiation of 243 nm needed for the measurements is
generated by a UV&Jasér specCtrometer that delivers single longitudinal mode pulses with 2.5 ns
temporal duratigh and“300/MHz bandwidth. The overlap of the two laser beams provides an
exceptional high spatial resolution: 100 um in diameter and 10 mm in length. This measurement
volume is aligned.in the*eentre and parallel to the cathode surface.

The new E-figld measurements have been performed in a wide range of pressures (from 400 to 900 Pa)
and currents (from 50 to 300 mA), in two stainless steel cathodes with 10 and15 mm inner diameter.
Medsurementsgbtained for the same current densities for both diameters revealed - in agreement with
tungsten cathode - that the cathode fall characteristics does not depend on discharge geometry.

When éomparing different cathode materials, the perturbation of the discharge due to sputtering reveals
itself as the main cause of the differences in the cathode fall. To analyse this influence we study
different parameters: the maximum E-field at the cathode surface, the length of the cathode region, and
the entire cathode fall voltage obtained from the integral of the E-field variation. All these results
confirm that the hollow cathode discharge with tungsten cathodes serve very well as reference of pure
hydrogen plasma, and sputtering is negligible in a wide range of discharge conditions. However, for
stainless steel due to sputtered iron present in the proximity of the cathode surface, the discharge does
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Publishin gl ot provide pure hydrogen plasma. In this case, the perturbation of the cathode fall due to sputtering
1creases with lower pressure and increasing current. Furthermore, we can concluded, that sputtering of
stainless steel cathodes used for hydrogen discharges is nearly negligible for normalized current

densities remarkably smaller than e.g. 10 A/Torr’cm?.

End on taken images of the discharge luminosity allowed for another complementary comparison. For
all discharge conditions, the luminosities are almost the same for stainlesssand tungsten and show the
cathode fall extension as a well pronounced dark zone. The radial 1engtl‘1_{this dark zone fits perfectly
with the lengths of the cathode fall region dcr obtained for tungsten fro t}rgmﬁcision measurements,
but does not correspond to der obtained for stainless steel cathodes. iﬁ referred to the presence of
sputtered material in the cathode fall, which does not show up in inosity still dominated by the
lusion, that images of the

odelling of cathode fall dynamics.
Nevertheless, in the case of stainless steel cathodes medelling has£o account additionally for a laminar
hydrogen gas flow parallel to the cathode surface p\:%;t in our HCD. Therefore the incorporation of
the sputtered material is more complex and make§,diréct comparison with other discharge geometries
more difficult. The experimental technique presented it“this study can furthermore be applied to
determine cathode fall characteristics for lo %ﬂr&m charge operated with deuterium, i.e. to study
e

the impact on the discharge dynamic by varyin ic mass of the hydrogen isotopes by a factor of

two. \
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