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Abstract: The paper is devoted to the study of a high-pressure short-arc xenon discharge, which is widely used 
as a light source. Cathodes of such lamps are often doped with thorium for better cathode operation. As a 
result, thorium can evaporate into a discharge. The study is based on a model of a short-arc xenon discharge 
plasma, which includes presence of thorium atoms in the plasma. The data obtained show that thorium atoms 
strongly affect the characteristics of the plasma, reducing its temperature, changing the ionic composition near 
the cathode, energy balance and generation of optical radiation. Especially interesting is the case when the 
discharge electrodes have a different shape of the working surface: the anode has a convex or concave shape; 
the cathode has a different cone angle. The obtained data make it possible to propose a new way to increase 
the luminous efficiency of xenon lamps due to the appropriate choice of the electrodes working surface shape, 
which turned out to be an unexpectedly strong factor of affecting plasma characteristics. This, in turn, allows 
us to develop xenon lamps with the desired characteristics providing optical radiation in the required range of 
the spectrum and better use of energy. 

Keywords: arc xenon lamp; optical radiation and spectra; electrodes surface shape; thorium 
evaporation; change of plasma characteristics; luminous efficacy 
 

1. Introduction 

Short-arc xenon discharges at high pressure are used as a source of optical radiation when the 
emission spectrum has to be as close to the diffuse sky radiation as possible and when it is necessary 
to have high intensity radiation of a point source of light. These lamps produce a bright white light 
with applications in movie projectors in theaters, in searchlights, and for specialized uses in industry. 
Xenon lamps are also widely used in scientific research. They can take the form of flash lamps 
(pulsed) or continuous-action lamps (DC). One of the main advantages of xenon flash lamps is their 
ability to provide high optical light energy in a short pulse (a few microseconds), producing high 
peak power. Due to their broad and continuous spectra (200nm– 2.5μm), xenon lamps can be used 
for laser light pumping, absorbance measurements, scattering, medical purposes and more. Xenon 
lamps can also be used for illumination, whether for scientific microscopy or cameras. The typical 
discharge conditions of short-arc xenon lamps are as follows: xenon pressure up to 3,000 kPa (~30 atm. ), electric power up to 15 kW (electric current up to several hundred A), and the 
distance between electrodes of several mm. 

High-pressure discharges in rare gases (Ar, Kr, Xe), which are widely used for developing 
sources of intensive optical radiation, are rather well understood (see e.g. [1,2]). However, a number 
of problems remain unexplored. The high discharge current density and a considerable heating of 
the discharge electrodes raise the question of the possible presence of electrode material atoms, 
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especially cathode atoms, in the discharge gap. These atoms usually have a lower ionization potential 
in comparison with xenon (or other rare gases) and hence can affect the discharge properties, at first, 
the ionization balance. A very interesting result was obtained in [3], where by doping a discharge 
with metal halide such as thallium iodide the spectral radiant intensity per unit area in the plasma 
zone immediately in front of the cathode was substantially increased compared with an undoped 
xenon short-arc discharge lamp. It showed that the presence of atoms with low ionization and 
excitation potentials noticeably changed the plasma properties near the cathode and improved the 
plasma emission characteristics. Xenon light sources of high pressure generally have thoriated 
tungsten cathodes to increase electron emission. A high cathode temperature could lead to thorium 
atom evaporation into the discharge gap and due to the low ionization energy of thorium atoms (~6eV)compared to xenon atoms (12.1eV) the process could produce an effect similar to that of [3]. 
There exists a wide range of experimental and calculated data about cathode surface temperature. 
The temperatures obtained vary from 3,000K [4-6] to approximately 4,000K [7-12]. The result [13] 
for a high-pressure Xe discharge with a conical cathode shape and 2% ThO2 doping shows the 
cathode temperature of 3,631K. Based on the temperature dependence of thorium saturated vapor 
pressure [14] one can conclude that the cathode tip temperature of about 3,600K provides thorium 
atom concentration ≥ 10ଶଷmିଷ. This value is comparable to the expected electron concentration in 
the plasma [9-15], so we suppose that this concentration is sufficiently high to have a strong influence 
on the near-cathode plasma. 

The possible presence of cathode atoms in the discharge volume was also mentioned in [16], but 
was not analyzed in detail. Similar effects were also studied in [17,18], where the effect of barium 
transport on the operation of dispenser hollow cathodes discharge was investigated in numerical 
modeling of a cathode with orifice.  

The effect of the discharge electrode surface on the plasma properties is very interesting question 
that has not been studied in detail so far. The plasma characteristics are primarily determined by the 
electric field strength E in the discharge gap. The electric field determines the heat of a plasma. The 
surfaces of discharge electrodes are equipotential, the potential difference between them being equal 
to the voltage applied to the discharge. Changing the shape of the anode and/or cathode surface 
necessarily changes the spatial distribution of the electric field in the discharge volume. The shape of 
the cathode surface can also have a pronounced effect: changing the cathode cone angle can strongly 
affect the strength of the electric field near the cathode, the spatial distribution of E in the adjacent 
plasma region and, consequently, other plasma characteristics.    

We were not successful in finding previously carried out researches of the electrode surface 
shape influence on the discharge plasma characteristics. We found only some patents concerning the 
modification of the anode working surface shape (anode form) with general purposes to diminish 
anode heat load or to make discharge operation more stable and an article describing the study of 
Hg-discharge with different electrodes shapes.  

A special shape of an anode working surface for a short arc discharge lamp is described in [19]. 
The anode has an anode-inner wall surface formed by an anode tip end surface that is inwardly caved 
in a circumferential direction. This cavity increases the working surface of the anode, which reduces 
thermal load on the anode and, therefore, evaporation of anode material and the blackening of 
discharge tube walls. Another construction of an anode is presented in [20]. The purpose of the 
invention is the same. The anode has a concave portion, which is formed on the central axis of anode 
tip surface. To provide a discharge lamp obtaining a higher illuminance maintenance rate while 
obtaining a brightness equivalent to that of the conventional discharge lamp, the anode is formed 
with a recess in a shape of a spherical surface on the centerline of the anode on a tip face of the anode 
[21]. A similar anode surface form is used in [22] to provide a short arc discharge lamp for improving 
utilization efficiency of light by actively utilizing light radiated from the cathode tip to the tip surface 
of an anode. As in [21] the anode includes a recessed spherical part formed on an end facing to the 
cathode.   

The subject of [23] is the modeling of DC and AC high-intensity Hg-discharge lamps with 
differently shaped electrodes. Modeling results for a 0.6 MPa mercury discharge considering six 
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different electrode shapes (anode and cathode) are presented and compared with experimental 
results. The electrodes have different diameters and different electrode tips, such as hemispherical, 
flat, or conical tip with 60˚ or 90˚ apex angle (concave shapes were not considered). An important 
result is that the shape of the electrode tip influences the lamp characteristics essentially.  

Note that mentioned above researches did not take into account possible presence of electrodes 
material in the plasma and hence their influence on plasma properties. The effect of electrodes shape 
has also not been analyzed in detail. In our opinion, this did not allow for a proper explanation of the 
results obtained. 

An earlier analysis of the radiation spectrum along the axis of the high-pressure short-arc xenon 
discharge [24] led to results that could not be explained disregarding the emission of thorium in the 
discharge gap: when evaporating into the plasma volume thorium atoms decreased the plasma 
temperature near the cathode and affected other plasma characteristics.  

Modeling of the plasma in question in a simplified geometry, a plane one-dimensional case [25], 
really showed a strong influence of thorium atoms on the electrokinetic plasma characteristics near 
the cathode, while the plasma properties near the anode were wholly determined by xenon.  

The present study is aimed at presenting the model of the short-arc xenon discharge plasma at 
a high pressure in the real geometry (short arc) taking into account the influence of thorium atoms 
on plasma processes. The developed model makes it possible to study the effect of the electrode 
surface shape on the plasma electrokinetic and optical characteristics. Anodes of concave and convex 
shapes and cathodes with different cone angles are examined. 

2. Assumptions and basic relations 

We assume that the plasma in question is in the local thermodynamic equilibrium (LTE) 
[1,2,15,25,26]. It means that all plasma characteristics, except radiation, are in equilibrium and the 
following relations are fulfilled: Maxwellian velocity distributions of particles with the same 
temperature, Boltzmann distributions of excited states, and Saha relation for the density of charged 
particles. Planck's law for radiation is invalid, as follows from the concept of LTE. The second 
assumption is that the plasma contains thorium atoms emitted by the thoriated cathode. As the 
estimate shows, the thickness of the near-electrode layers is significantly small in comparison with 
the plasma dimension. Realizing that the description of electrode layers is a complex and difficult 
task, we do not include the description of the electrode layers, as well as the discussion of the 
electrode operation (spot mode for the cathode and diffusive mode for the anode). We also do not 
consider a possible impact of the massive cathode and anode on the profiles of the plasma 
temperature and temperatures of the electrodes themselves.  

The discharge geometry is such that it is convenient to use the ellipsoidal coordinates (oblong 
ellipsoid of revolution) [27] for describing spatial distributions of plasma characteristics. In this 
representation we suppose that the cathode surface coincides with some surface τ଴, and the anode 
surface coincides with τ୐, these surfaces being surely equipotential. It can be expected that all other 
surfaces τ = const are also approximately equipotential. Lines perpendicular to τ surfaces set the 
direction of the electric field. Such a representation makes it possible to determine straight away the 
electric current lines. 

Figure 1 shows the geometry of the short-arc discharge in question, surfaces of the electrodes 
and the electric current channel. Two cathode surface shapes, τ଴ = −0.924, −0.850 (blue thick lines), 
and six anode surface shapes, τ୐ = −0.4, −0.2,0, +0.2, +0.4, +0.924 (red thick lines), are considered. 
The case τ୐ = +0.924 corresponds to the surface of the anode, which is symmetrical to the cathode τ଴ = −0.924. There are practically no thorium atoms near the anode, and plasma is formed as a result 
of processes involving only xenon atoms and ions. Thus, the case τ୐ = +0.924 gives a comparison 
of the plasma discharge of pure xenon (at the anode) and the plasma with the presence of thorium 
atoms (at the cathode), since the special distributions of the electric field strength near the cathode 
and anode are close to it other. 
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Figure 1. The geometry of the discharge in question in the ellipsoidal coordinate system: thick blue 
lines on the left with the coordinates τ = −0.924, −0.850 are the cathode surfaces; thick red lines with 
the coordinates τ = −0.4, −0.2,0, +0.2, +0.4, +0.924 are the anode surfaces; a thick dashed line is the 
outer border of the electric current channel. The Cartesian coordinate grid is also shown in the figure. 

To determine plasma characteristics (temperature T, electric field strength E, thorium atomic 
concentration N୘୦ , and densities of thorium and xenon ions N୘୦ା  and Nଡ଼ାୣ  respectively), we 
formulated five equations: two Saha equations for thorium and xenon ions, the power balance 
equation, the equation for the electric current through the plasma, and the balance equation for the 
number of thorium atoms and ions. We do not know the temperature of the cathode hotspot. Based 
on the data [4-14] we assume a gap in the most probable values of the thorium atom concentration N୘୦଴  in the range (10ଶଷ − 10ଶସ)mିଷ. In fact, we use this concentration as a parameter of our task.  

Estimation shows that thermal conductivity do not play a significant role in the plasma energy 
balance [28,29]. It is governed by heating in the electric field and plasma radiation. This is a common 
phenomenon for light sources, since the radiation must be the main channel to get the output power. 
The conclusion is confirmed by empirical data on the radiation power of discharges in rare gases [28]. 
These data, in particular, show that (85 − 88)% of the total electric power goes to the radiation of 
Xe arc discharges. We also did not account for thermal diffusion, ambipolar diffusion and convection 
due to the LTE assumption, which means there are no spatial fluxes. We are aware that convection 
could play a certain role, however this process proceeds rather slowly and, in our opinion, does not 
affect the plasma modeling, characteristics of which are determined by faster processes.  

The plasma radiation, which we take into account, consists of two parts: 1) recombination-
bremsstrahlung radiation, in which recombination prevails over bremsstrahlung for the discharge in 
question [28], and 2) emission of xenon spectrum lines (the most intensive lines in the range ~ (870 −1070) nm). Emission in the continuous spectrum is calculated using the data of [28]; information 
about the most intensive xenon lines are taken from [14,30,31]. The spectrum lines of thorium, as 
shown by estimate, do not contribute to the total radiation (note that thorium spectrum lines were 
not registered in [24]). 

The desired configuration of electrodes is selected by the appropriate choice of the cathode and 
anode surfaces with the coordinates τ଴  and τ୐ . These surface coordinates are included in the 
coefficients of the solution to the balance equation for the number of thorium atoms and ions, which 
is described in detail in [26]. The case of the flat anode is described in [25]. 

3. Results of modeling and discussion 
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The strength of the electric field on the discharge axis at τ଴ = −0.924 is shown in Figure 2. The 
calculations were carried out for different shapes of the anode surface and the same distance between 
the electrodes L = 3mm. It is seen that the shape of the anode strongly affects the electric field 
strength E. It is approximately twice as high at the cathode for the convex shape with τ୐ = +0.4 
compared with the concave shape with τ୐ = −0.4. The latter configuration shortens the length of the 
electric field lines, and makes the spatial distribution of the electric field wider. 

 
Figure 2. The electric field strength E on the discharge axis for the different shape of the anode τ୐ =−0.4, −0.2,0, +0.2, +0.4; the cathode shape is τ଴ = −0.924. The electric current i is 10A; the thorium 
concentration N୘୦଴  on the cathode surface is 7 · 10ଶଷmିଷ; the xenon atom concentration Nଡ଼ୣ is 3 ·10ଶହmିଷ . The absolute values of E near the cathode are indeed higher in the discharge with the 
convex shape of the anode. The electric field strength E is given in the Cartesian coordinates (x is the 
longitudinal coordinate along the discharge axis). 

Figure 3 with the results of calculating the dependence of E(y)  on the radial Cartesian 
coordinate y in the discharge volume for two opposite anode shapes τ୐ = −0.4 (concave) and τ୐ =+0.4 (convex) confirms the conclusion. E(y) is presented for four points on the discharge axis: x =−2.9mm, −2.5mm, −1.5mm, −0.5mm. At τ୐ = −0.4 (Figure 3A) the electric field strength decreases 
with y noticeably more slowly than with the shape τ୐ = +0.4 (Figure 3B). For example, in the case 
of the concave anode the twofold drop of E near the cathode (x = −2.9mm) is observed at y >2.0mm, in the case of the convex anode, at y ≅ 0.5mm. 
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Figure 3. The radial dependence of the electric field strength E(y) (y is the Cartesian coordinate) for 
two anode surface shapes τ୐ = −0.4 (concave) and τ୐ = +0.4 (convex) at different points on the 
discharge axis x = −2.9mm, −2.5mm, −1.5mm, −0.5mm.  Discharge conditions are as follows: i =10A, N୘୦଴ = 7 · 10ଶଷmିଷ, Nଡ଼ୣ = 3 · 10ଶହmିଷ. It is seen that the concave surface (A) is characterized by 
a broader distribution of the electric field in the discharge volume compared to the convex shape (B). 

One can argue that a lower value of the electric field strength for the case of a concave anode 
surface should decrease the voltage at the discharge electrodes. The following Figure 4 shows the 
voltage U for a discharge with anodes of different shapes. The concentration of thorium atoms is also 
varied. 
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Figure 4. The discharge voltage U  for the various anodes with τ୐ = −0.4, −0.2,0, +0.2, +0.4  in 
dependence on the concentration of thorium atoms N୘୦଴ .  i  = 10A, Nଡ଼ୣ = 3 · 10ଶହmିଷ. One can see 
an increase in the voltage with an increase in the thorium concentration, so that at N୘୦଴  = 7 · 10ଵ଻cmିଷ 
it is close to ≈ 3.1 − 3.2V and does not strongly depend on the anode shape. 

The transition from the convex shape of the anode surface to the concave shape actually reduces 
the discharge voltage. The difference is more pronounced at a low concentration of thorium atoms; 
however, an increase in the concentration makes the voltage to be approximately the same for 
discharges with different anode shapes. The possible reason is a decrease in the electron density with 
an increase in the thorium content (see [26]). 

Figure 5 shows the plasma temperature T for the cathode shape τ଴ = −0.924 and five shapes 
of the anode τ୐ = −0.4, −0.2,0, +0.2, +0.4. It is seen that the shape of the electrodes, strongly affecting E, strongly affects T as well. Calculations show that the effect of the cathode cone angle is quite 
expected: the smaller the angle, the higher the temperature due to the higher strength of the electric 
field on the cathode surface. The cathode with τ଴ = −0.850 decreases the plasma temperature near 
the cathode by (500 − 800)K. At the anode the influence of the cathode cone angle on the plasma 
temperature is small. The shape of the anode surface also strongly affects T: in comparison with the 
flat anode, the concave surface of the anode decreases the plasma temperature, while the convex 
surface increases it. The difference is large and reaches the order of (2,500 − 3,000)K. The case τ୐ =+0.4 shows that the temperature at the electrodes reaches a value of (9,300 − 9,500)K; in the middle 
of the discharge gap it is about 9,000K. The temperature obtained is close to that of a discharge in 
pure xenon [28].  
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Figure 5. The plasma temperature T for the shape of the cathode τ଴ = −0.924 and the shapes of the 
anode τ୐ = −0.4, −0.2,0, +0.2, +0.4 . The discharge parameters are as follows: i = 10A; N୘୦଴ =  7 ·10ଶଷmିଷ ; Nଡ଼ୣ =  3 · 10ଶହmିଷ . The convex surface shape of the anode significantly increases the 
plasma temperature. 

The spatial distribution of the electric field strength (Figure 3) determines the corresponding 
spatial distribution of the plasma temperature. Figure 6 shows these data. 
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Figure 6. The radial distribution of the plasma temperature T(y) for two shapes of the anode τ୐ =−0.4, +0.4. The discharge parameters are as follows: i = 10A; N୘୦଴ = 7 · 10ଶଷmିଷ; Nଡ଼ୣ = 3 · 10ଶହmିଷ. 
The distributions are broader for the concave anode. The difference is more noticeable in the area near 
the anode (x = −0.5mm). 

The temperature radial dependence for the concave shape of the anode (Figure 6A) is noticeably 
wider than that for the convex shape (Figure 6B). It is true for both near-cathode region and anode 
one, where the difference is more pronounced. It is true for both near-cathode region and anode one, 
where the difference is more appreciable. The consequence of this temperature behavior should 
inevitably be an expansion of the radial distribution of the electron density and, hence, an expansion 
of the electric current channel. 

The shape of the anode surface strongly affects the spatial distributions of plasma particles. The 
following Figure 7 shows the longitudinal distributions of axial thorium atom concentration N୘୦, 
densities of thorium N୘୦ା  and xenon Nଡ଼ାୣ  ions for three shapes of the anode surface: τ୐ =−0.4,0, +0.4. 

 

Figure 7. The plasma particle distributions for the various shapes of the discharge anode: flat anode τ୐ = 0  (A), concave anode τ୐ = −0.4  (B), and convex anode τ୐ = +0.4  (C). The discharge 
parameters are as follows: i = 10A; N୘୦଴  = 7 · 10ଶଷmିଷ; Nଡ଼ୣ = 3 · 10ଶହmିଷ. The transition from the 
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concave shape of the anode to the convex one radically changes the content of particles in the plasma. 
In the concave case thorium atoms actually extend all the way to the anode, in the convex case the 
picture is the opposite: xenon ions are the main ones in the discharge gap. The flat anode case (τ୐ = 0) 
occupies an intermediate position. The discharge gap is the same (3 mm ) for the three shapes 
presented. 

The case of the flat anode τ୐ = 0 (Figure 7A) was described in [26] and in [25] for a discharge 
between infinite parallel planes. The results demonstrated a strong influence of thorium atom 
evaporation into the discharge volume. The main conclusion was the predominance of thorium ions 
and, as a result, the low plasma temperature in the near-cathode region. Another important result 
was that the density of xenon ions tended to be close to zero in this region.  

Transition to the concave shape of the anode τ୐ = −0.4  dramatically changes the plasma 
particle distribution (Figure 7B). Thorium atoms are actually located in the entire discharge gap, the 
xenon ion density is close to zero almost to the anode, so that the main type of ions in the gap is 
thorium one.  

The distribution of plasma particles changes no less sharply upon the transition to the convex 
shape of the anode surface τ୐ = +0.4 (Figure 7C). The presence of thorium particles is still noticeable 
near the cathode, but the length of this region is rather small. It can be seen that really the main ions 
in the entire volume of the plasma are xenon ones. The ion density is approximately 3-5 times higher 
than for the concave anode shape. This is clear if we take into account the high plasma temperature 
for the convex anode configuration (see Figure 5).  

A very important issue concerning any discharge plasma is the possibility of practical use of this 
discharge. For a high current high-pressure xenon discharge this is primarily a light source. We see 
that the shape of the anode surface strongly affects 1) the plasma temperature and 2) the spatial 
distributions of plasma particles, above all thorium and xenon ions. The concave anode shape 
provides the lower plasma temperature and high thorium ion density (at least in the near-cathode 
region); the convex anode shape gives opposite result: the significantly higher plasma temperature 
and predominance of xenon ions in the discharge gap. It is known (see e.g. [28]) that the optical 
radiation of such a discharge is mainly generated by the processes of bremsstrahlung and 
recombination of plasma ions. Therefore, there is an opportunity of influencing the plasma 
temperature, the particle composition and, consequently, the optical radiation of the plasma in 
question by choosing appropriate shape of the electrode surface, first, the anode surface. The plasma 
temperature is defining factor in the ionization and excitation in plasmas (the higher the temperature, 
the higher the concentration of excited atoms and the density of ions). The thorium evaporation into 
the discharge volume changes both factors, plasma temperature and content of ions, and, therefore, 
changes the generation of optical radiation including the emission of atomic spectrum lines.    

In support of the above, the following Figure 8 shows in more detail the change in the 
concentration of xenon and thorium ions for various anode shapes. The convex anode surface really 
ensures the predominance of xenon ions in the entire discharge gap; at the concave case xenon ions 
are located only near the anode. On the contrary, thorium ions are located near the cathode in the 
convex case and spread towards the anode when the surface of the anode is concave. This should 
give a change in the light generation.      
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a) 

 
b) 

Figure 8. The longitudinal distribution of xenon (a) and thorium (b) ion densities for various shapes 
of the anode τ୐ = −0.4, −0.2,0, +0.2, +0.4. The discharge parameters are as follows: i = 10A; N୘୦଴  =7 · 10ଶଷmିଷ; Nଡ଼ୣ = 3 · 10ଶହmିଷ. 

Figure 9 presents the radiation in three spectral regions: ultraviolet (UV) region Δλ = (200 −400)nm, visible region Δλ = (400 − 800)nm, and infrared (IR) region λ > 800nm for three anode 
surface shapes: τ୐ = −0.2,0, +0.2. The radiation is obtained by integrating the spectral density on the 
discharge axis in the specified ranges of the spectrum [28]. 

The shape of the anode surface actually strongly affects the optical radiation of the plasma. The 
convex case of the anode surface provides the higher radiation intensity and its maximum is closer 
to the cathode. The drop in the plasma temperature with the concavity of the anode surface gives the 
lower radiation intensity and shifts its maximum towards the anode. The UV radiation in the near-
cathode region is close to zero for all three anode configuration, because of the low plasma 
temperature. Ultraviolet radiation is largely formed due to the processes with xenon ions; therefore, 
this radiation is very sensitive to the plasma temperature. The visible radiation is not so sensitive to T, and its intensity is quite high near the cathode. Moreover, for the concave anode shapes the visible 
intensity is significantly higher than the UV radiation.   
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Figure 9. The radiation in three spectral regions: UV Δλ = (200 − 400)nm , visible Δλ = (400 −800)nm , and IR λ > 800nm  for three anode surface shapes: τ୐ = −0.2,0, +0.2 . The discharge 
conditions are as follows: i = 10A; N୘୦଴  = 7 · 10ଶଷmିଷ; Nଡ଼ୣ = 3 · 10ଶହmିଷ. 

Figure 9 shows that the IR emission prevails over the other two – UV and visible radiations. This 
is due to the fact that it includes two parts – xenon spectrum lines in the range of ~ (870 − 1070) nm 
and recombination-bremsstrahlung continuum at  λ > 800nm . The latter is more intense for the 
discharge conditions in question and infrared region λ > 800nm where bremsstrahlung prevails 
over the recombination processes [28]. The following Figure 10 presents the longitudinal distribution 
of IR radiation at various anode shapes: recombination-bremsstrahlung radiation (IR r-b), spectrum 
lines (IR lines) and total intensity (IR sum). One can see that the intensity of xenon spectrum lines is 
about two times less than in the continuum and is close to zero near the cathode due to its strong 
dependence on the plasma temperature. Note here that the intensity “IR r-b” is quite high mainly 
due to the integration of the spectral density to infinity. 

 
Figure 10. The intensity of the infrared radiation in dependence on the anode surface shape: 
recombination-bremsstrahlung radiation (IR r-b), spectral lines (IR lines), and total intensity (IR sum). 
The discharge conditions coincide with those shown in Figure 9. . 
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The intensity of the plasma radiation on the discharge axis decreases when using the concave 
anode shape (see Figure 9). This is due to the lower plasma temperature and the change in the 
composition of plasma particles. However, the total radiation from the discharge as a whole should 
be comparable for all considered cases: the electric power supplied to the plasma is approximately 
equal for all cases (the electric current is the same, and the discharge voltage is approximately the 
same as well, see Figure 4), the radiation is the main power output in the energy balance, and the 
concave anode shapes provide wider radial distributions of plasma characteristics, which increases 
the area of optical light generation.    

This raises a very important question regarding the efficiency of light generation in the desirable 
spectral region. Figure 9 shows that the convex anode configuration is preferable for optical emission 
in UV and IR spectral regions, the concave anode configuration is preferable for light (visible) 
generation. Therefore, by choosing the shape of the anode surface it is possible to optimize the 
emission spectrum and more efficient use of the electricity supplied to the light source. 

4. Conclusions and further prospects 

The main result of the previous researches was the development of a short-arc xenon discharge 
model for real geometry taking into account evaporation of thorium atoms from a thoriated tungsten 
cathode into a discharge volume [26]. The strong influence of thorium atoms on plasma properties 
was shown. Addition of thorium to the plasma decreased the plasma temperature, increased the 
strength of the electric field, and changed the composition of ions in the discharge gap. The data 
obtained were in reasonable agreement with the known ones [1] and the results for the one-
dimensional model [25].  

The question that seems very interesting and has not yet been investigated is to study the effect 
of the shape of the electrode surface on the plasma properties. One can argue that this influence 
should be noticeable. The role of the cathode surface shape is quite expected: the smaller the cone 
angle, the higher the temperature due to the higher strength of the electric field near the cathode 
surface. The role of the anode surface shape is much more complex and somewhat unexpected. As it 
was shown there is a significant difference between the discharges with a concave and a convex anode 
surface: the concave anode provides lower values of the strength of the electric field, lower plasma 
temperature, and wider radial distributions of plasma characteristics. The convex shape provides 
higher values of the electric field strength, higher plasma temperature, and narrower radial 
distributions of plasma characteristics.   

The shape of the anode surface affects the composition and spatial distributions of plasma 
particles, in particular, xenon and thorium ions. This leads to the consequence change in the plasma 
optical emission. The convex shape of the anode increases the UV recombination radiation and IR 
xenon spectral lines emission (due to the higher plasma temperature), while the concave shape 
reduces these emissions and increases the radiation in the visible region. We believe that the results 
obtained can give the impact of cathode and anode designs for the development of xenon light 
sources with desirable characteristics.  

Several important questions arise here. 
Changing the shape of the electrode surface can undoubtedly affect the lamp lifetime and lumen 

maintenance. The cathode cone angle is very important because of the influence on the temperature 
of the cathode tip – the sharper the angle, the higher the temperature and the shorter the lamp life. 
Apparently, the cone angle of modern xenon lamps with thoriated cathodes is optimized and can 
hardly be changed. As shown, changing the shape of the anode surface seriously affects the 
characteristics of the plasma. We suppose that the lamp life does not decrease due to an increase in 
the anode working surface for at least the concave shapes, because the anode with the concave shape 
reduces the electric field strength, plasma temperature, expands the electric current channel, and, 
hence, decreases the power load on the anode surface. However, it remains to be seen whether the 
radiation spectrum is preserved, what is the efficiency of optical radiation generation, and what is 
the lamp life when changing anode surface shape. These questions are supposed to be studied in the 
future.  
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There is another issue that should undoubtedly attract our attention. It is known [32] that for a 
low pressure discharge the transition from DC to pulse-periodic power supply strongly affects the 
discharge characteristics, and under certain conditions makes it possible to increase the power share 
going to the excitation of atoms and molecules. In the case of a discharge in the mixture of mercury 
vapor with rare gases the pulse-periodic power supply allows one to increase the efficacy of mercury 
fluorescent lamps [32].  

The transition to a pulse-periodic mode in the case of a short-arc high-pressure xenon discharge 
can also give new opportunities to improve xenon lamp characteristics. Firstly, one can expect that 
the electric field strength in current pulses of a pulse-periodic discharge is higher than in a DC 
discharge; so the plasma temperature is also higher. The irradiance of the discharge plasma under 
the local thermodynamic equilibrium (LTE) does not correspond to the emission of an absolutely 
black (gray) body, for which the total (integrated) radiation is proportional to the plasma temperature 
in the fourth power. Nevertheless, one can assume that for a high-pressure xenon discharge the total 
radiation is also a strong rising function of the plasma temperature. If the growth of the electric power 
supplied to the discharge is lower than the increase in the radiation power, one should expect an 
increase in the light emission output. Secondly, the pulse-periodic supply can reduce the thermal 
load onto the electrodes, since the time averaged current is expected to be less. Thirdly, an additional 
gain could be achieved due to the change in the regime of the diffusion and drift movement of the 
thorium atoms and ions in the plasma in question. Indeed, in a DC mode the thorium atoms 
evaporate into the plasma from the cathode surface, are ionized and return to the cathode as positive 
ions. Therefore, the “thorium cloud” near the cathode is formed by the diffusion motion of the 
thorium atoms from the cathode and the reverse drift of the positive thorium ions to the cathode in 
the attracting electric field. In the afterglow of a pulse-periodic discharge the electric field strength is 
close to zero, so that the thorium ions move in the diffusion regime (the time that it takes for the 
attracting electric field to get the thorium ions back to the cathode is less). Even if the thorium ions 
recombine in the afterglow, the resulting thorium atoms remain in the plasma, increasing the 
“thorium cloud”. This can lead to an increase in the size of the cathode spot and, as a consequence, 
in the total optical emission of atoms and thorium ions.  

These assumptions have been confirmed experimentally [24]. For the pulse-periodic discharge, 
two effects were described: a decrease in the anode temperature of about 400K and an increase in 
the light efficiency of about 35%  in some discharge conditions. These can be used for the 
development of more powerful and effective xenon light sources. Changing the shape of the anode 
surface may provide new opportunities for such development. This issue will be studied in the future. 

The results of the study are valid for discharges with another doping of a cathode (e.g. currently 
investigated compounds with rare earth elements La203-W, ZrO2-W, CeO2-W, Y203-W [33], Ce-W, La-
W, Y-W [34]). Moreover, we believe that the characteristics of a discharge with an undoped cathode 
are also affected by the shape of the electrode surface, but may be to a lesser extent. 

6. Patents 

Based on the submitted data, a Patent RU2806877, Short-arc gas discharge lamp of high and 
ultrahigh pressure, 26.11.2021, was obtained. 
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