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Abstract. An inverted sheath is simulated by particle-in-cell simulations using the XPDP1 

code. It is shown that a stable monotonically decreasing potential structure can be formed in a 

bounded plasma system, where positive ions and source electrons are injected from the right-

hand side (source) electrode and emitted electrons are injected from the left-hand side 

(collector) electrode. Such inverted sheath structure is created in the absence of collisions or 

ionization, provided that the ratio of injection fluxes of both electron groups is large enough. In 

this work preliminary results are reported and some effects of different ion injection are 

illustrated. 

1. Introduction 

Electron emission plays an important role in the physics of plasma-surface interactions and is a central 

element in many plasma related applications and phenomena. Because of its importance, the problem 

of potential formation in a plasma in front of an electron emitting electrode has been studied by many 

authors [1-6]. A widely accepted picture of the potential formation in front of electron emitting 

electrodes can be very briefly summarized as follows. If a floating electrode is immersed in a plasma, 

more electrons than positive ions will hit it on average because of the larger electron mobility. As a 

consequence, the electrode will bias negatively with respect to plasma. If the electrode starts emitting 

electrons, the floating potential starts to increase and becomes less negative with respect to plasma 

potential. As long as the electron emission is not too big, the potential profile remains monotonic and a 

negative electric field at the electrode accelerates the emitted electrons through the sheath into the 

plasma. At a certain point the so-called critical emission is achieved. At that point, the electric field in 

front of the electrode becomes equal to zero. If the electron emission is increased further, the electric 

field reverses its direction and starts accelerating the electrons back to the electrode. Such emission is 

called supercritical or space charge limited, because the emitted electrons start to accumulate in front 

of the electrode and form a negative space charge in front of it. As a consequence, a potential well is 

formed in front of the electrode and the potential becomes non-monotonic. Such a potential dip is 

often called a virtual cathode. If the emission increases further, the floating potential does not change 

much; only the excess of positive space charge increases and the potential well becomes deeper. This 

apparent "saturation" of the floating potential with respect to electron emission is used for plasma 

potential measurements with emissive probes [7].  
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For a long time it was believed that the floating potential of an emissive probe cannot exceed the 

plasma potential, although Marek et al. [8] reported about such an observation in 2008. Only a few 

years later, Campanell argued that at a very high electron emission the floating potential of the 

electrode could become positive with respect to the plasma potential [9-12]. He named such a potential 

structure an inverted sheath. In this work an inverted sheath is simulated by the XPDP1 code [13]. 

2. Simulations 

The Berkeley XPDP1 code [13] is used to perform the simulations. A plasma system bounded by two 

planar electrodes is simulated. The length of the system is 2 mm and it is divided into 2000 cells so 

that the length of 1 cell is 1 micron. Electrons emitted from the left-hand-side electrode (collector, 

located at x = 0) (index 2) are injected with a half-Maxwellian velocity distribution. From the right 

hand side electrode (source, located at x = L = 2 mm), singly charged positive ions (index i) and 

electrons (index 1) are injected also with a half-Maxwellian velocity distributions. The source 

electrode is always at zero (reference) potential, while the collector is electrically floating with respect 

to the source. The code XPDP1 requires input in SI units and gives output in the same units. Thus, the 

real electron mass and charge are used. For the ion mass, deuterium is selected with mi = 3.3435810
-27

 

kg. The electrons from the source (source electrons) are injected with a flux j1 = 100 A/m
2
, while the 

electrons emitted from the collector are injected with a flux j2 = 432500 A/m
2
. In this work, results for 

three different ion injection fluxes ji are presented. These fluxes are: ji = 0.4, 0.5 and 0.6 A/m
2
. The 

system is initially empty and the particle injection start from both electrodes simultaneously. When the 

number of superparticles becomes constant, steady state is reached and then the results are read. In all 

cases, the emitted electrons are injected with a thermal velocity v2xth = 229685 m/s, which correspond 

to a temperature kT2x = 0.3 eV. Here k is the Boltzmann constant and 
2 2 / ,thx x ev kT m  where me is 

the electron mass. The thermal velocity of the ions is vithx = 6922 m/s, which corresponds to an ion 

temperature kTix = 1 eV; and the thermal velocity of the source electrons is v1thx = 1326087 m/s, which 

corresponds to a source electron temperature kT1x = 10 eV. 

3. Results 

The presentation of the results starts with the potential and electric field profiles, which are shown in 

figure 1. In the top of the figure the axial profiles of the potential (x) are shown for three different 

ion injections ji = 0.4, 0.5 and 0.6 A/m
2
. A larger ion injection results in a slightly larger potential in 

the middle of the system. The potential decreases monotonically from the collector towards the source. 

Quite strong potential drops can be observed in front of the collector and in front of the source. In the 

central part of the system, the potential profile is much flatter. This indicates that the source sheath and 

the collector sheath are formed in front of the source and in front of the collector. This is confirmed by 

the electric field profiles Ex(x). In front of the collector, the electric field is really large, but then it 

drops very quickly by several orders of magnitude reaching a minimum in the middle of the system, 

and then increasing again close to the source. This can be seen much better when the electric field is 

shown in a logarithmic scale. If the ion injection is increased, the electric field at the source also 

increases. The electric field plots in a logarithmic scale show clearly that in the middle of the system 

the electric field reaches a minimum, which is quite close to zero. 

Figure 2 presents the particle and space charge density profiles. The particle densities n(x) are 

shown for all three ion injections in a logarithmic scale. The density of the emitted electrons at the 

collector drops very steeply by several orders of magnitude, then the profile becomes flat, and then 

there is again a drop in front of the source. The density profiles of the ions and source electrons 

decrease slowly from the source towards the collector; only very close to the collector is the ion 

density drop more pronounced. The space charge density profile is shown in the bottom of figure 2. A 

large negative space charge caused by the emitted electrons can be observed in front of the collector. 

The inset shows the profile on an expanded scale. There it can be seen that in the middle of the system 

neutrality is reached and close to the source there is a small surplus of positive space charge due to the 

ions. The locations of the minimum of the electric field (figure 1) and of the zero space charge density 

(figure 2) coincide very well. 
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In figure 3, phase space plots of all three 

particle species are shown, together with the 

temperature profiles. Results are shown only for 

the smallest ion injection, ji = 0.4 A/m
2
. The top 

left figure presents the phase space for the source 

electrons. It can be seen very clearly how all the 

electrons are accelerated towards the collector by 

the electric field and there are no electrons with 

positive velocity vx in the direction towards the 

source. In top right figure, the phase space for the 

emitted electrons is presented.  These  electrons are  

 

 
 

 

 

 
 

 

 

 

 

 

 
 

Figure 1. Axial profiles of the potential (x) 

and the electric field Ex(x) in linear and 

logarithmic scale for three different ion 

injections ji. 

  

Figure 2. Particle density n(x) profiles 

shown for three different ion injections. 

Space charge density profile shown only 

for the smallest ion injection. ji = 0.4 A/m
2
. 
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Figure 3. Phase space plots and temperature profiles for all three particle species. It is clearly seen 

that the velocity distributions of all three particle species have cut-offs. Ion injection is ji = 0.4 A/m
2
. 

 

injected from the collector, but are repelled back towards it by the electric field. Only those that leave 

the collector with large enough velocity can reach the source, so a clear cut-off can be observed for the 

negative values of vx. The bottom left figure shows the phase space for the ions. The ions are injected 

from the source towards the collector, but are accelerated back towards the source by the electric field. 

Only those that have sufficient energy when they leave the source can reach the collector; 

consequently, a clear cut-off can be seen for the positive values of vx. In the bottom right graph, the 

axial profiles are shown of the temperatures kTx for all three particle groups. The source electrons are 

injected with a thermal velocity corresponding to 10 eV. Because they are strongly accelerated, their 

distribution function becomes narrower, which results in their substantial cooling (around 3 eV, 

instead of 10 eV). The temperatures of the ions and emitted electrons, on the other hand, remain very 

close to the nominal temperature of their injection – 0.3 eV for the emitted electrons and 1 eV for the 

ions. This is caused by the repulsion of these species by the electric field, so that the distribution 

functions contain positive and negative velocities. The small cut-offs do not decrease the temperature 

substantilly. 

 

4. Conclusions 

One dimensional particle-in-cell simulations of an inverted sheath using the Berkeley XPDP1 [13] 

code are presented. These simulations confirm that a stable monotonically decreasing potential 

structure can be formed even in the absence of collisions or ionizations [10, 12]. In earlier simulations 

[14], we were not able to obtain stable potential profiles, most probably because the electron emission 

was too small. Note that in the present work the electric current density of the emitted electrons j2 

exceeds that of the injection source electrons j1 by a factor of more than 4000. The results of these 

simulations can be modelled by a kinetic model based on cut-off Maxwellian velocity distribution 

functions of individual particle species. These distribution functions are obtained on the basis of the 

assumption that the potential is either monotonically increasing (collector negative with respect to the 
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source) or decreasing (collector positive with respect to the source). For increasing potentials, such 

models are well developed, while for the decreasing potentials they are still in the initial stage [17]. 
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