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Abstract. In this work Doppler-free two photon optogalvanic spectroscopy is used to measure the electric 

field strength in the cathode fall region of a hollow cathode discharge, operated in pure hydrogen, via the 

Stark splitting of the 2S level of atomic hydrogen. The cathode fall characteristics are analysed for various 

pressures and in a wide range of discharge currents. Tungsten is used as cathode material, because it allows 

for reliable measurements in a fairly wide range of discharge conditions and because of its minimal 

sputtering. Two cathode diameters (10 mm and 15 mm) are used to study the dependence of the cathode fall 

on discharge geometry. The measurements reveal that the cathode fall characteristics are quite independent on 

the cathode diameter for equal cathode current density; hence the measurements can be used to test one 

dimensional modelling of the cathode fall region for low pressure hydrogen discharges using e.g. plane 

parallel electrodes.  

1. Introduction 

Low densities plasmas generated in different discharge devices for a variety of carrier gases or gas mixtures 

have been investigated, over several decades, experimentally and theoretically in a wide range of discharge 

conditions. Many of the studies have been dedicated to noble gases, see for instance [2-8]; however, less 

research was focussed on pure hydrogen discharges [9-18] and the references therein, because hydrogen 

plasmas are more complex as they are composed of a variety of neutral and ionized molecules and atoms. The 

studies [9,10,12] report on modelling of the collisional kinetics of pure hydrogen plasmas used to calculate 

among others the Hα-emission in order to characterize the cathode region of the plasmas. In [10,12] the 

authors incorporate an extensive review on experimental data published over decades [19-29]. They also 

demand for reliable and independent measurements of the local electric field strengths (E-field) in the cathode 

region missing so far in order to prove discharge modelling. The cathode region is of particularly interest, as 

the cathode fall determines the fluxes of electrons and ions, their energies distribution and charge densities. We 

report on independent laser-spectroscopic E-field measurements in the cathode fall of a low pressure steady 

state pure hydrogen plasma generated in a hollow cathode discharge operated in a wide regime of the abnormal 

glow with a fully developed cathode fall. The range of our measurements overlaps quite well with the region, 

were the modelling [10,12] has been tested. 

For many years our group has used two laser spectroscopy techniques [30-32] for E-field measurements 

applied to hydrogen (and isotopes) via the Stark splitting of the 2S level using tuneable single longitudinal 

mode (SLM) laser radiation. Firstly we demonstrated [30] that two-photon polarization spectroscopy allows 

determining the E-field strength in the cathode fall region of a HCD operated in deuterium. In a more extended 

study [31-32] we employed optogalvanic measurement technique. This detection is less complex and perfectly 

suited for determining local electric field strengths by means of two-photon excitation of the 1S-2S transition 

followed by subsequent photo-ionization in dc discharges. However, these first measurements demanded for 

some more deepened analysis and improvements of the detection technique. 

Therefore, recently detailed calculations were conducted to determine an important measurement parameter, 

i.e. the spatial resolution provided by our laser spectroscopic condition [34]. The unique experimental 

conditions i.e. the SLM laser radiation with smooth temporal pulse shape, and the well-known cross sections 

for excitation, recombination and ionization of atomic hydrogen, open the possibility to determine the spatial 

resolution from first principles. The measured laser beam irradiance distribution (spatial resolution: 

6.7 µm x 6.7 µm) was employed to integrate the corresponding set of coupled rate equations for the duration of 

the laser pulse (8 ns with FWHM 2.5 ns) on a 50 ps temporal scale. The results shows in detail the 



three-dimensional photo-ionization yield, hence the spatial resolution of optogalvanic detection and the 

variation of the laser pulse energy allow analysing saturation effects due to depletion. The calculations 

revealed that our measurements can provide an exceptionally high spatial resolution, because about 80% of the 

entire signal is created in a measurement volume of 100 µm in diameter and 10 mm length; four times better 

than estimated before. To maintain the best spatial resolution during an extended long lasting experimental 

measurement campaign, some important improvements of the laser-spectroscopic set up were necessary, and a 

continuous control of the laser irradiance present in the measurements volume was included to prevent signal 

saturation. 

Beside the laser spectroscopic details, effort has been spent to improve the HCD itself. In previous works 

[30-32] the hollow cathode was made of stainless steel and we reported that certain maintenance was required 

to reduce contamination of the plasma due to sputtered cathode material, which can cause disturbing variations 

of the discharge voltage drop. In this study we used therefore hollow cathodes made of tungsten, known to 

result in less sputtering and related degradation. Furthermore a new anode design has contributed to improve 

the discharge symmetry and the short term stability of the discharge impedance, which is crucial for the 

background signal in optogalvanic detection. To investigate the influence of the discharge geometry on the 

cathode fall characteristics, two different diameters (10 and 15 mm) and equal cathode current surface density 

(ranging from 3.18 mA/cm2 to 9.55 mA/cm2) were used. 

In this paper we describe the whole experimental arrangement, paying attention to the improvements with 

respect to previous studies [30-33]. The determination of the local E-field strengths via the Stark-splitting of 

the 1S-2S transition is explained and the detection limit due to the experimental condition is analysed. The 

tungsten cathodes allow for a wide experimental range of reliable measurements, facilitating to measure the 

local E-field down to estimated detection limit (about 0.5 kV/cm). In Section 4 we show the experimental 

results of this study: the E-field variation vs. distance from the cathode surface for several discharge currents, 

focussing on the comparison of the cathode fall characteristics for the two cathodes diameters driving the 

discharge at equal cathode current densities and different pressures. Finally, in Section 5, the measurements are 

analysed within the frame of an extensive general description and modelling of cathode fall region of low 

pressure hydrogen discharges [10,12]. We have chosen the comparison according to these authors, because 

they review an extremely wide range discharge condition and their detailed modelling covers the parameter 

range of our measurements, i.e. fully developed cathode fall. 

2. Experimental arrangement 

Measurements were performed in a low pressure pure hydrogen plasma generated in a home-made HCD, 

operated in abnormal glow-discharge regime. This source provides stationary non-local equilibrium plasma, 

with low density, low kinetic atomic temperature and E-field strength up to 5 kV/cm close to the cathode 

surface. The discharge design is basically the same already used in previous work [30-32], i.e. the hollow 

cathode is placed in between two anodes. However, the anode shape has been modified employing cylindrical 

cone peaked anodes instead of cylindrical hollow ones, see figure 1. The modification ensures an ideal 

symmetrical discharge, because the current spot is perfectly centred on the anode peak instead of moving 

around on an anode ring surface. Therefore, the long and short term stability of the discharge impedance is 

improved, resulting in a remarkable noise reduction for optogalvanic detection. 

Anodes and cathode are inserted in a vacuum seal chamber made of brass, which includes electrical isolation, 

water cooling, gas inlet and outlet and electrical connections. This layout allows inserting cathodes made of 

different materials with different inner diameters, and studying the impact of those variations on the discharge 

conditions. The anodes, made of stainless steel, are kept unchanged for the different cathodes. For end-on laser 

spectroscopic measurements the anodes have two off axis perforations (see figure 1) providing access to the 

cathode fall area while maintaining the central cone peak for a stable anode current spot. 

In this work we used two tungsten cathodes with inner diameters of 10 mm or 15 mm, and 50 mm length. 

Tungsten is chosen because its low sputtering rate minimizes the contamination of the hydrogen discharge. 

The HCD is operated at a constant flow rate of hydrogen (about 10 cm3s-1), entering at one anode and leaving 

at the opposite one. This device gives excellent single shot sensitivity for optogalvanic detection and a good 

signal to noise ratio in a wide range of discharge conditions: currents from 50 mA to 300 mA and pressures 

from 400 Pa to 1350 Pa. The power supply can provide up to 1 A at 2 kV. A resistor (1 k) is used for 

connecting the grounded cathode, and each anode is also connected via another 1 k resistor, to assure that 



each anode carries half of the total current discharge. 

 

Figure 1: Vertical cross-section of the hollow cathode discharge. 

The voltage vs. current characteristic of the HCD is shown in figure 2 for various discharge conditions: 

pressures from 400 Pa increasing stepwise by a factor 1.5 up to 1350 Pa. Discharge currents varied from 

50 mA to 250 mA for a cathode diameter of 10 mm and from 75 mA to 300 mA for a cathode diameter of 

15 mm. The interval of equal cathode current densities (j) for both cathode diameters is indicated (arrows) in 

figure 2, ranging from 3.18 mA/cm2 to 9.55 mA/cm2. Those conditions are chosen to study if the E-field in the 

cathode fall region depends on the cathode diameter, for a fixed current density and pressure. Obviously, for 

equal current densities the voltage drop for the cathode diameter of 15 mm Vd15 is systematically larger 

compared to the voltage drop Vd10 for a cathode diameter of 10 mm. This might be understood having in 

consideration that the anode current is increasing by a factor 1.5, while the entire discharge volume is 

increasing by a factor of 2.25 for the larger cathode diameter. The ratio of the voltage drops Vd15/Vd10 is nearly 

independent of the current density. Although the long-term stability of the HCD was quite good - including 

various interchanges of the tungsten cathodes - we have to state that for the entire measurement campaign the 

discharge voltage Vd was reproducible within ±3% for low currents increasing to ±6% for the highest currents. 

 

Figure 2: Voltage-Current characteristics for tungsten cathodes (10 and 15 mm inner diameter) for different 

pressures and currents. The arrows indicate the range of equal cathode current density. 

A schematic view of the whole experimental set-up can be seen in figure 3. The laser system consist in a 10 Hz 

injection-seeded Q-switched Nd:YAG laser (Continuum, Powerlite 9000) and a considerably modified 

OPO-OPA system (Continuum, Mirage 500). Usually this laser system offers tuneable SLM radiation in the 

visible and near-IR range (426 nm to 2120 nm). The required 243 nm radiation to excite the 1S-2S transition is 

obtained by sum-frequency generation (SFG) of 772 nm and the third harmonic (355 nm) from the Nd:YAG in 

a BBO crystal. This concept can provide up to 10 mJ pulse energy in 2.5 ns and 300 MHz bandwidth. An 

280

300

320

340

360

380

400

420

440

0 50 100 150 200 250 300 350

400 Pa
600 Pa
900 Pa
1350 Pa

V
o

lt
a

g
e

 (
V

)

Current (mA)

Tungsten 10 mm
280

300

320

340

360

380

400

420

440

0 50 100 150 200 250 300 350

400 Pa
600 Pa
900 Pa

V
o

lt
a

g
e

 (
V

)

Current (mA)

Tungsten 15 mm

(a) (b) 



etalon having a free spectral range of about 7 GHz and a photodiode (PD) are used to control the regular tuning 

of the laser frequency by monitoring the OPO signal (772 nm). 

 

Figure 3: Schematic view of the experimental set-up. The spectra are taken by recording shot by shot the 

optogalvanic (OG) signal and the references while tuning the laser. The dotted line represents the focus 

control, by a UV camera, done before and after the measurements. 

A moderate amount of the 243 nm laser radiation is introduced in the experiment (figure 3) and divided in two 

counter propagating beams for Doppler-free measurements. Each beam is focused with a 1 m lens into the 

plasma, overlapping in a horizontal plane in the upper central part of the HCD, as shown in figure 1. The angle 

between both beams is very small (1.53°), so that the residual Doppler broadening is negligible compared with 

the laser bandwidths. The excitation of the 1S-2S transition with an angular momentum transfer L = 0 

requires high quality opposite circularly polarized laser beams, provided by high quality air spaced Glan 

polarizer’s followed by zero order /4 retarder plates. 

The laser energy of each beam is controlled by a variable attenuator made up of a /2 plate placed before the 

linear polarizer. In order to avoid saturation and to provide the best signal to noise ratio, the irradiance in the 

overlap region of the foci of the counter-propagating beams was about 150 MW/cm2, according to 45 J pulse 

energy. A recent study (see ref [34]) revealed that for these experimental conditions about 80% of the 

optogalvanic signal corresponds to a measurement volume of only 100 m in diameter and 10 mm length. 

Special effort is required to maintain this exceptionally high spatial resolution while tuning the laser frequency, 

because small variations of the horizontal pointing stability might occur. These would cause that the foci of the 

counter-propagating beams would suffer an opposite horizontal displacement which may decrease the shot to 

shot reproducibility of the measurement. This is avoided by installing in one of the beams a horizontal 

retro-reflector indicated in figure 3. The quality of the focus was controlled twice a day (before and after the 

measurements) by a spatial profile analyser LaserCam-HR-UV (UV camera in figure 3). Two photomultipliers 

(PM in figure 3) measure the pulse energy provided by the two beams used to control the shot to shot stability 

of the laser energy. 

The optogalvanic signal is caused by resonant two-photon excitation and subsequent photoionization due to the 

absorption of a third laser photon. This increases the electron density in the tiny measurement volume, which 

can be detected as a transient variation of the discharge impedance between the cathode and one anode, via 

capacitive coupling. To measure the E-field strength through the cathode fall region, the HCD is mounted on 

two linear translation stages. A vertical displacement of the source allows performing measurements at various 

distances from the cathode surface. The horizontal displacement is used to align the HCD on the centre axis of 

the counter-propagating laser beams. For both cathodes the beam divergence and crossing angle are limiting 

the closest approach of the measurement volume to the cathode surface without irradiating it. Therefore, the 

measurements start at a distance about 160 m from the cathode surface. Nevertheless, for a cathode diameter 

of 15 mm measurements so close to the cathode surface where too noisy, thus these measurements started at a 

distance of about 260 m. 
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3. Measurements and E-field determination 

For the E-field measurements, successive laser scans were taken at several distances from the cathode surface 

for different discharge conditions (pressure, current, cathode diameter). Four signals were simultaneously 

recorded shot by shot at a repetition rate of 10 Hz in an oscilloscope (Agilent 9000 S-Series), providing an 

improved data acquisition. Figure 4 shows the quality of the recorded raw data of a typical measurement: (a) it 

is one of the two photomultipliers signals as reference of the laser energy stability, (b) the optogalvanic signal 

representing the Stark splitting of the 2S level of hydrogen and (c) transmission of the monitor etalon (fringes) 

as photodiode signal. 

 

Figure 4: Set of data recorded shot by shot for a typical scan: (a) photomultiplier signal (b) optogalvanic signal 

of the HCD, (c) transmission of the monitor etalon. The spectrum in (b) was taken at a distance of 350 m 

from the cathode surface, in a tungsten cathode of 15 mm inner diameter. The discharge was operated at 

400 Pa and 225 mA. 

 

Figure 5: Stark effect of the 1S-2S two photon transition of hydrogen. (a) Shows the calculated frequency shift 

versus electric field strength. The corresponding two-photon absorption normalized lines intensities are given 

in (b) 

The theoretical Stark splitting of the 2S level as a function of the E-field can be seen in figure 5 [31]. The red 

shifted component (2P1/2) starts to increase strongly near of the central one (2S1/2), and suffers a strong and 

nearly linear displacement if the E-field increases. The blue shifted component (2P3/2) starts far off the central 

one while growing and shifting. The 2S1/2 component undergoes a weak blue shift and decreases its intensity. 

The comparison of the experimental spectra with these theoretical predictions allows determining the E-field 

strength values at different distances from the cathode surface. The detection limit according to the laser 

bandwidths of 300 MHz and a frequency separation of 1 GHz between the 2S1/2 and 2P1/2 components, is 

estimated to be about 0.5 kV/cm as indicated in figure 5 (a). At this E-field strength, the blue component 2P3/2 

is still too tiny, and an estimated detection limit (5% intensity) corresponds to 0.75 kV/cm, figure 5 (b). 

However, the spectra recorded close to the cathode surface exhibit good signal to noise ratio and the signals 

are large compared to the offset. With increasing separation from the cathode surface the E-field strength and 
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the signal decrease, while the noisy signal offset keeps unchanged. Therefore, the blue shifted component 

becomes nearly undetectable at E-field strengths below 1 kV/cm depending on the discharge parameters.  

To determine frequency differences  between the Stark components, the experimental spectra have been 

fitted to six Lorentzian profiles, taking into account the hyperfine structure of atomic hydrogen (see figure 6). 

Therefore, each component in the spectra was fitted to the sum of two Lorentzians with the same spectral 

width, separated by 621 MHz (for two photon excitation) and an intensity ratio of 3:1. This is done for all 

spectra, even when the hyperfine structure is not clearly visible. The E-field value is obtained from the 

difference between the red and blue components (νred-νblue) according to figure 5 (a). When the blue component 

disappears, the difference between the red and central components (νred-νcentral) is used. 

 
Figure 6: Example of the six Lorentzians fit. The spectrum corresponds to a tungsten cathode diameter of 

15 mm, 400 Pa, 300 mA and a distance of 300 m from the cathode surface. The hyperfine structure can be 

clearly seen in the central component. The spectrum shows single shot raw data. 

In this way, we have determined the local E-field for all spectra measured at different experimental conditions. 

Figure 7 shows an example of the variation of the E-field versus distance from the cathode surface for a 

tungsten cathode of 15 mm in diameter, 600 Pa and 150 mA. Each E-field strength value is plotted with the 

estimated error bar. This estimation is mainly based on the small lack of regularity of the laser frequency 

tuning, which is controlled via the etalon fringes (see figure 4 (c)). The standard deviation of the fringe 

separation for the most usual sets of measurements was about 0.16 GHz, half the bandwidth of the laser. 

Nevertheless, for each plasma conditions particular errors are allotted to each measurement. The uncertainty of 

the distance from the cathode surface, due to the vertical translator stage position and the alignment procedure, 

was estimated to 30 m, which is too small for the axis scale. 

 

Figure 7: Variation of the E-field versus the radial distance from the cathode surface. Each E-field strength 

value is plotted with the error bar representing the uncertainty related to the laser frequency tuning.  

4. Results  

For tungsten cathodes there is a wide experimental range of plasma conditions, where measurements can be 
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performed with good quality i.e. E-field strength could be determined down to the detection limit, remarkably 

lower than in previous studies using stainless steel cathodes. 

4.1. E-field for various discharge currents for the two cathodes diameters and different pressures. 

In figure 8 we show the E-field variation vs. distance from the cathode surface (d) for the two cathode 

diameters (10 and 15 mm), for several discharge currents and pressures. To keep the same current density (see 

figure 2), discharge currents are different for the two cathodes diameters. Parabolic or linear fits have been 

applied to the experimental data. For both diameters and for all pressures the behaviour is very similar: as the 

current increases the maximum E-field increases while the cathode fall region becomes more compressed and 

for low currents the cathode fall slope is more linear. Clearly the curves become more compressed with 

increasing pressure. This is impressively pronounced in the case of the 1350 Pa for the 10 mm diameter, and 

this tendency is already observed for 900 Pa and the 15 mm diameter. In general, the maximum E-field values 

are slightly larger for 15 mm diameter, and the cathode fall is more extended. 
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Figure 8: Variation of the E-field in the cathode fall region versus the radial distance from the cathode surface 

(d), for cathode diameters of 10 and 15 mm and different pressures. 

4.2. E-field variation depending on the current densities for the two cathodes diameters and different pressures 

Measurements with the same cathode current density for the two cathode diameters at different pressures have 

been performed to study the influence of the cathode diameter, i.e. the discharge geometry, on the cathode fall 

characteristics. The corresponding results are given in figure 9. For better clearness, each plot compares only 

the E-field variation for the two cathode diameters running the discharges at equal cathode current density; 

discharge currents and pressure are indicated. Plots in one row correspond to the same pressure and plot 

columns to the same current density. 

All plots indicate that for a wide range of discharge conditions the cathode fall is fairly the same for equal 

current density - i.e. quite independent of the cathode diameter -. Most pronounced differences can be seen at 

the extreme limits of the discharge conditions e.g. figure 9 (c): lowest pressure and highest current, and 

figure 9 (g): highest pressure and lowest current. In general, the maximum E-field at the cathode surface 

increases remarkably with increasing current density. However, the cathode fall changes little with increasing 

pressure: comparing the plots of the column for current density 6.37 mA/cm2 for 400, 600 and 900 Pa, we see 

a slightly increasing maximum E-field at the cathode surface and a corresponding weak compression of the 

cathode fall toward larger pressure. A certain change of pressure dependence can be observed also: for 400 Pa 

the cathode fall for the larger currents becomes more separated, and at 900 Pa we see just the opposed 

tendency. For almost all cases the maximum E-field values are slightly larger for 15 mm diameter (except for 

the lowest current density at 400 Pa figure 9 (a)), and the cathode fall is more extended. 
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Figure 9: Variation of the E-field in the cathode fall region versus the radial distance from the cathode wall, 

for cathode diameters of 10 and 15 mm and pressures of 400, 600 and 900 Pa. Graphs shows different current 

densities (3.18, 6.36 and 9.55 mA/cm2). 

For a quantitative analysis of figure 9 we have integrated the E-field vs. distance from the cathode surface, as 

this integral corresponds to the entire cathode fall voltage drop Vc. The comparison for the two cathode 

diameters is provided by the ratio of Vc for equal current density (j) for all discharge conditions, as given in 

Table 1. This table confirms the apparent impression to be seen in figure 9. For 400 Pa the ratio Vc10/Vc15 is 

decreasing from 0.96 with increasing current density, for 600 Pa it decreases and varies about 1 ± 0.12 and at 

900 Pa it slight increases with increasing current density. Those tendencies are quite insensitive to systematic 

errors and uncertainties, because all data have been processed in the same way.  

Table 1: Ratio of the entire cathode fall voltage drop obtained for the two cathode diameters for equal current 

density j and all discharge condition. 

 
400 Pa 600 Pa 900 Pa 

j (mA/cm2) Vc10/Vc15 Vc10/Vc15 Vc10/Vc15 

3.18 0.96 1.12 0.96 

6.37 0.87 1.02 0.97 

9.55 0.81 0.88 1.05 

 

Further analysis is given in table 2 where the cathode fall voltage Vc is compared with the corresponding entire 

discharge voltage measured between cathode and anodes Vd (obtained while recording the spectra), for all the 

experimental conditions in figure 9. The combined uncertainty for those ratios is estimated to be ± 4%. Within 

our experimental uncertainties the ratio of Vc/Vd is almost the same for a fixed pressure and equal current 

density Furthermore, this ratio decreases with the pressure and increases with current densities. The smallest 

ratios are found for 900 Pa at 3.18 mA/cm2, i.e. cathode fall is representing only the 70% of the discharge 

voltage, while for the largest current density, 400 Pa and a cathode diameter of 15 mm the cathode fall 

represents up 97 % of the discharge voltage. 

Table 2: Ratio of the cathode fall voltage to the entire discharge voltage, obtained for the two cathode 

diameters for equal current density j and all discharge condition. 

 
400 Pa  600 Pa  900 Pa 

j (mA/cm2) Vc10/Vd10 Vc15/Vd15  Vc10/Vd10 Vc15/Vd15  Vc10/Vd10 Vc15/Vd15 

3.18 

6.37 

9.55 

0.85 

0.88 

0.86 

0.86 

0.94 

0.97 

 0.86 

0.81 

0.84 

0.80 

0.79 

0.87 

 0.71 

0.79 

0.82 

0.72 

0.77 

0.78 

Comparing Table 1 and Table 2 we can draw a clear conclusion: the cathode fall voltage Vc is nearly 

independent from the discharge geometry, while the entire discharge voltage Vd depends on the all discharge 

parameters. This means, that the energy input required for maintaining the plasma in the region from the anode 
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towards the cathode fall depends definitely on the discharge geometry, and it shows up only in the entire 

discharge voltage Vd. 

5. Comparison with modelling of hydrogen discharges 

The analysis presented above demonstrates in fairly good approximation that the cathode fall characteristics 

measured in this study do not depend on the cathode diameter of the HCD, and we conclude therefore, that 

they are suited to be compared - particularly - with data obtained from plane parallel electrode geometry 

[19-23]. Hence our data are valid to test one dimensional modelling of the cathode fall region of low pressure 

hydrogen discharge. In this way, we have analysed our discharge conditions and related experimental results 

within the frame of the cathode fall modelling and discharge characterization presented in references [10, 12]. 

We have chosen the comparison with these articles because they review an extremely wide range of discharge 

conditions, and their detailed modelling covers the wide parameter range of our measurements. First we 

present in figure 10 our experimental results in the commonly used format of figure 2 of [12]: voltages versus 

normalized current density defined as j/p2 (p being the discharge pressure), in the same units as in [12] for 

better comparison. Figure 10 gives the cathode fall voltage Vc and also the entire discharge voltage Vd, and we 

do not distinguish voltages that correspond to cathode diameters of 10 or 15 mm. Clearly our measurements 

are covering a real wide range of normalized current density, more than one order of magnitude; although the 

current density varies only by a factor of 3, see Table 2. Comparing the slopes of Vd and Vc one can 

distinguish more tendencies than in Table 2. For large normalized current densities, - low pressure and large 

current density - the cathode fall voltage nearly represents the entire discharge voltage drop, confirming the 

common viewpoint of low pressure discharges. However, this does not hold anymore for decreasing 

normalized current densities, - towards higher pressure and smaller current density, because maintaining the 

plasma outside the cathode fall requires additional energy. The open cross in figure 10 corresponds the main 

result given in reference [12], obtained from measurements (2 Torr, 327 V and 55 mA) and modelling, which 

fits perfectly with our Vd values, and is only a little bit larger than our cathode voltage drop values.  

 

Figure 10: Cathode fall voltage Vc (open dots) and the entire discharge voltage Vd (full dots) versus 

normalized current density. The open cross corresponds to the main result (2 Torr, 327 V and 55 mA) given in 

[12]. 

We have also plotted the normalized thickness of the cathode fall pdcf (pressure p times cathode fall thickness 

dcf) versus normalized current density in figure 11 (same representation as in figure 2 of ref. [12]). Once more, 

the open cross in figure 11, which corresponds to the main result given in reference [12], fits perfectly with our 

measurements. 

 

The good agreements with reference [12] confirms our former conclusion that the cathode fall characteristics 

measured in this study do not depend on the cathode diameter of the HCD and that the normalized current 

density is a very useful parameter that opens the possibility to compare different discharge condition. 
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Figure 11: Normalized thickness of the cathode fall pdcf (pressure p times cathode fall thickness dcf) versus 

normalized current density. The open cross corresponds to the main result (2 Torr, 327 V and 55 mA) 

given in [12]. 

We have represented also our data in the frame described in the Topical Review [10]. This frame is quite 

general, as it is proposed to yield for all type of discharge geometries commonly used for plane parallel 

electrodes and hollow cathodes as well. Figure 12 shows some measured E-field strength obtained in this work 

using the same units as in figure 2 of ref. [10], i.e. the E-field strength to gas density in Townsed (1 Td = 

10-21 Vm2) vs. gas pressure times distance to the cathode surface. The results are only plotted for 15 mm 

cathode diameter as they are basically the same as for 10 mm diameter. Figure 12 (a) represents selected 

discharge conditions showing, that low discharge currents at low pressures correspond to a similar slope as 

higher currents at higher pressures. Hence, although the E-field strength for 900 Pa - 225 mA is considerably 

higher than for 400 Pa - 75 mA (see figure 8), the data in figure 12 (a) become quite similar due to the 

normalization by the gas density N. This behaviour is reversed when contrary conditions are plotted: 400 Pa at 

225 mA achieves higher values than 900 Pa at 75 mA. We can provide experimental data in a wide range for 

theoretical analysis. That means the E-field strength measured in our HCD can be directly compared with very 

different electrodes discharge geometry [22-25] presented in reference [10].  

 
 

Figure 12: Measured E-field strength to gas density in kTd (103 Td) vs gas pressure times distance to the 

cathode surface, in a 15 mm cathode diameter. Different plasma conditions are presented in figures (a) and (b). 

Finally, in figure 13 the E-field strength to gas density vs. current density in A/m2 is plotted, in the same scale 

as figure 3 in ref. [10]. Only the data for 15 mm cathode diameter are shown. The right side of the solid line in 

figure 13 correspond [10] to experimental conditions of sufficiently large electrode separations and current 

densities expected to be required for a fully developed cathode fall. Our extensive and detailed measurements 

cover a wide part of that area, and are - to our knowledge - the only ones which really represent highly 

resolved local electric field strength of the cathode fall, compared with various experimental studies which 

provide merely average values [9, 13, 22-29] compiled in [10]. 
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Figure 13: Measured E-field strength to gas density in Td units vs current density for the 15 mm cathode 

diameter. The right side of the solid line corresponds to a fully developed cathode fall.  

6. Summary 

In this paper, we report E-field measurements in tungsten cathodes with two different diameters in a HCD 

operating in pure hydrogen. The E-field was determined via Stark splitting of the 2S level of hydrogen, based 

in Doppler-free two-photon absorption provided by two counter-propagating circularly polarized beams of 

opposite directions. Optogalvanic detection, i.e. changes of the plasma impedance caused by the resonant 

excitation of the 2S level and subsequent photo-ionization by a third photon were recorded by capacitive 

coupling to obtain the spectra. The E-field is determined by measuring the frequency shift between the red 

(2P1/2) and the blue (2P3/2) components. A UV laser spectrometer provides the required high-power 

single-longitudinal mode and tuneable 243 nm radiation with 2.5 ns temporal duration and 300 MHz 

bandwidth. 

The redesigned plasma source provides remarkably improved long and short time stability of the discharge 

using tungsten cathodes and newly designed stainless steel anodes. Together with important improvements of 

the laser-spectroscopic the experimental set-up allows extended spectroscopic measurements with exceptional 

high spatial resolution (100 µm in diameter and 10 mm length) in a wide experimental range. Compared with 

previous works, we could realize measurements down to the estimated detection limit given by the Stark 

splitting of 2S level, i.eg. E-field strength of 0.5 kV/cm. 

The E-field measurements were performed for pressures varying from 400 Pa to 1350 Pa and for currents from 

50 to 300 mA. Measurements were conducted in a fairly wide range of discharge conditions for three values of 

equal current density for both tungsten cathode diameters (10 and 15 mm), revealing the influence of the 

cathode diameter on the cathode fall characteristics. Certain tendencies can be observed; also the cathode fall 

does not change significantly. More pronounced differences were found for extreme discharge conditions: low 

pressure and high current and the opposite, high pressure and low current. 

We can conclude in fairly good approximation, that the cathode fall characteristics measured in this study do 

not depend on the cathode diameter of the HCD, and it is demonstrated, that they are well suited to be 

compared with experimental data and indirect determination of cathode fall voltage obtained from or for quite 

different electrodes discharge geometry. Our extensive and detailed measurements cover a wide and 

representative interval of low pressure discharge conditions, and so they are valid to test one dimensional 

modelling of the cathode fall region of low pressure hydrogen discharges. 

 

This experimental work can be completed with a study of the influence of the buffer gas. The same 

experimental device can be employed to perform E-field measurements in hydrogen isotopes, with a 

tiny change in the scanning wavelength.  
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