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Abstract- Metal and gas ion species and their charge state distributions were measured for 

pulsed copper cathodic arcs in argon background gas in the presence of an axial magnetic 

field.  It was found that changing the cathode position relative to anode and ion extraction 

system as well as increasing the gas pressure did not much affect the arc burning voltage and 

the related power dissipation.  However, the burning voltage and power dissipation greatly 

increased as the magnetic field strength was increased.  The fraction of metal ions and the 

mean ion charge state were reduced as the discharge length was increased.  The observations 

can be explained by the combination of charge exchange collisions and electron impact 

ionization.  They confirm that previously published data on characteristic 

material-dependent charge state distributions (e.g. Anders and Yushkov, J. Appl. Phys., vol. 

91, pp. 4824-4832, 2002) are not universal but valid for high vacuum conditions and the 

specifics of the applied magnetic fields. 
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I. INTRODUCTION 

The term “cathodic arc” is generally used for a mode of arcs where the plasma is 

produced at non-stationary cathode spots [1].  A “vacuum arc” is the special case of 

cathodic arc when no process gas was supplied, and the latter case was extensively 

investigated for its relatively simplicity and ability to shed light on the cathodic processes of 

vacuum arcs [2-5].  When gas is added, a much greater variety of effects can happen, 

depending on the type of gas, gas pressure, cathode surface conditions, and the specifics of 

the geometry.  Additionally, magnetic fields are known to play an important role because 

electrons are “magnetized”, i.e., their trajectories are greatly influenced by the Lorentz force, 

and so is their ability to cause ionizing collisions [6-8].  

The plasma density near the cathode spots is governed by the metal plasma produced at 

the spots, as opposed to the gas plasma.  As gas is supplied into the discharge gap, gas 

plasma may become increasingly important, especially when the gas pressure exceeds about 

10-2 Pa. Conversely, no essential ionization of gas atoms or molecules was observed in 

experiment with addition of gas at low pressure [9].  With the ionization of gas it was also 

found that the metal plasma ions exhibited a reduced charge state as the pressure was 

increased.  Hence, in order to obtain the highest metal charge states one must decrease the 

background gas pressure as much as possible [10]. There is ample and firm experimental 

evidence for charge-exchange as the main process responsible for reducing the metal ion 

mean charge state in the presence of gas neutrals [11-13]. 

When the cathodic arc (vacuum arc with gas feed) is combined with an external magnetic 

field, the ion charges states have still a tendency to be reduced by the gas, and the formation 

of gas ions is much promoted [11-14].  While metal ion formation occurs in the immediate 

vicinity of the cathode spots, gas ion generation takes place in the volume of the discharge 

gap [13].  

In this paper, we expand on the interplay of charge exchange and volume ionization in the 

presence of an axial magnetic field by conducting experiments using a vacuum arc discharge 

ignited in an extended gap of up to 20 cm.  This work follows up on and concludes previous 

research done in close collaboration between the research groups in Berkeley and Tomsk (as 

evidenced by the collection of references given in this INTRODUCTION). 

 

II. EXPERIMENTAL SET-UP 

The schematic of the experimental set-up is shown in Fig. 1. It is based on the “MEVVA 

V” vacuum arc ion source at Lawrence Berkeley National Laboratory [15]. For the present 

experiments, the usual cathode unit of the ion source was replaced by a solenoid of 8 cm 

inner diameter and 20 cm length. A vacuum arc copper cathode (1) with the traditional 

high-voltage flashover trigger system was located inside the coil (6). The cathode together 

with the trigger ring (2) and ceramic (3) was fixed onto the end of a movable stainless steel 
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rod (4). This gave us the possibility to change the location of the cathode unit within the coil 

from position L=0 to L=20 cm, where the zero location was chosen at the coil end facing the 

ion source extraction system, as indicated in Fig. 1.  The inner surface of the coil body (5) 

and the plasma expansion housing between coil and extractions system serves as the vacuum 

arc anode.  

Argon was selected as the working gas for its wide use in stabilizing cathodic arcs [1, 

16-20]. The gas flow was provided to the coil side that is remote relative to the extraction 

grids, as shown in Fig. 1. The system was pumped by a cryogenic pump (nominal 1500 l/s for 

nitrogen) mounted to the main vacuum vessel where the time-of-flight (TOF) spectrometer 

was housed.  The pressure in the beam analysis region was lower than in the plasma region 

due to differential pumping.  The pressure difference between plasma and beam analysis 

locations was determined to be about a factor 3 since a relatively wide extraction area was 

used to produce a broad ion beam of merging beamlets [21-22].  The factor 3 was 

determined in a separate experiment (without plasma and extraction voltage) using pressure 

gauges on both sides of the extractor grid.  The pressures mentioned in the contribution refer 

to the pressure in the plasma zone but are deduced from measurements downstream of the 

extraction system. 

The traditional “Mevva V” ion source power supply and its high voltage triggering 

system were used to operating the cathodic arc [15]. The same arc pulse parameters were 

used in all experiments in terms of amplitude and duration, namely 200 A, 300 µs, 

respectively, with a pulse repetition rate of 0.3 pulses per second.  

The magnetic field coil current was obtained by discharging an assembly of ten 2 

kV-capacitors in parallel with a total capacity of 250 µF. Triggering of the coil current was 

controlled by a thyristor switch. The relatively low pulse repetition rate was chosen in order 

to provide enough time between pulses to charge the capacitors for the magnetic coil. 

Measurements of the pulsed magnetic field by a small inductive pick-up probe showed that 

the B-field reached its maximum about 5.5 ms after start of the coil current.  The arc 

triggering was therefore delayed by approximately 5.5 ms to utilize the maximum field. At 

the maximum of the coil current, the magnetic coil provided approximately 10 mT in the 

center of the coil per 1 A of coil current.  

Ions were extracted and accelerated by 40 kV and then analyzed by a TOF spectrometer 

[23-24]. The current of the extracted ion beam could be measured with a Faraday cup that had 

magnetic self-compensation of secondary electrons. All measurements of the ion charge state 

distribution were made at the middle of the arc pulse, i.e., at approximately 150 µs after arc 

started. 

 

III. EXPERIMENTAL RESULTS 

The experiments showed that moving the cathode assembly within L = 0 cm and 20 cm 
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did not much influence the arc burning voltage: it changed from Ub = 26 V at L = 0 cm to Ub 

= 24 V at L = 20 cm. The burning voltage was much more influenced by the magnetic field. 

Without magnetic field it was 25 V, whereas with magnetic field it rose to 35 V (at 0.05 T), 

40 V (at 0.1T) and 44 V (at 0.2 T).  Moving the cathode position in the presence of the 

magnetic field (of 0.1 T) led to greater changes of the burning voltage than in the absence of 

the field, namely from 28 V to 45 V for positions 0 cm and 20 cm, respectively.  An increase 

of gas pressure caused a weak reduction of the burning voltage. For example, increasing the 

pressure from 0.03 Pa to 0.1 Pa correlated to a decrease from 40 V to 36 V.  

As expected, moving the cathode far away from the extraction area had a significant 

influence on the extracted ion current. Moving to L = 20 cm, the total ion beam current 

decreased from 90 mA to 16 mA. An increase of the gas pressure caused a relatively minor 

decrease of the extracted ion current: the ion current fell from 44 mA to 25 mA as the argon 

pressure was increased from 0.03 Pa to 0.1 Pa.  

Figs. 2 and 3 show charge state distributions of extracted ion beams for the two extreme 

cases L = 0 cm and L = 20 cm. One can see that the longer the path from cathode to the ion 

extraction zone the more gas ions appear in the ion beam. More detailed data supporting such 

tendency can be found in Fig. 4, which shows the composition of the extracted ion beam for 

different cathode positions. Another expected finding is that the decrease of the high charge 

state fraction of copper ions is accompanied by an increase of the fraction of lower charge 

states. 

Feeding gas into the discharge gap and thus increasing the gas density enables the 

generation of more gas ions (Fig. 5).  

The mean charge state of the metal ions also depends on the distance traveled from the 

cathode spots. The gas density is important for the reduction of the high charge state fractions 

of metal ions (Fig. 6): the higher the pressure the stronger the influence of the cathode 

position on the charge distribution of the metal ions. 

We can summarize the findings as follows. Feeding gas into the discharge gap leads to 

two main effects. First, the presence of gas preferentially decreases the higher ion charge 

states and correspondingly increases the low charge states. Second, the gas enables the 

generation of gas ions. The appearance of gas ions is greatly determined by the presence of 

the magnetic field, as clearly illustrated by the experimental results of Fig. 7. Without 

magnetic field, only small amounts of gas ions can be found provided the cathode is 

positioned at a rather long distance to the extraction zone. The situation changes dramatically 

as soon as a rather weak magnetic field is applied.  

 

IV. DISCUSSION 

The observations can be explained taking different types of collisions into account.  In a 

reference frame moving with the plasma element, the density of ions of charge state Q 
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changes according to a balance equation of the form 
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where the terms are expressed as products of the densities of particles involved and the rate 

coefficients of the specific type of collision.  For example, in the first term 1,
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Q Q ev   is 

the rate coefficient of electron impact ionization of particles of charge state Q-1 leading to 

ions of charge state Q, 
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in which the ionization cross section  is folded with the velocity distribution 

function 

1,
ion
Q Q 

 f v  weighted by the velocity.  The positive terms of the right hand side of (1) 

are the processes leading to the production of particles of charge state Q, while the negative 

terms are the loss terms.  The second and fifth term of (1) refer to charge exchange 

collisions, the third and sixth term are the three-particle recombination, the fourth term is 

ionization to Q+1, and the last terms accounts for density changes due to expansion and 

diffusion of particles, essentially  where D is a diffusion coefficient.   D n  

A detailed theoretical analysis of all possible inelastic collision channels is quite involved 

(e.g. done for a copper hollow cathode discharge [25]) and beyond the scope of this mostly 

experimental contribution.  However, one has to establish that the changes introduced by the 

gas primarily occur in the plasma zone before extraction and not in the TOF instrument in 

order to interpret the data in terms of plasma processes.  The gas causes non-resonant charge 

exchange reactions of the type 

 1Q QM Ar M Ar    . (3) 

where QM  stands for the Q-fold charged (metal) ion.  Reactions of the type (3) can only 

occur if the energy defect is positive [12, 26], i.e. the ionization energy of the QM  ion is 

equal or greater than the ionization energy of the gas ion, here Ar .  The reaction for singly 

charged copper, QM Cu , does not occur since the argon ionization energy (15.76 eV) is 

greater than the first ionization energy of copper (7.7 eV).  A doubly charged copper ion 

however is quite effective since its ionization energy is 20.29 eV (the excess energy of about 

4.6 eV can be found in excited states).  The reduction of the higher metal ion charge states 

and the corresponding increase of the lower metal ion charge states is a clear “fingerprint” of 
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charge exchange collisions.  The reaction for triply charged copper ions ( 3QM Cu  ) is 

more complicated since the third ionization energy is 36.84 eV, leaving an energy defect of 

21.08 eV.  In order for the  reaction to occur, both Cu2+ and Ar+ 

need to be in highly excited state after the collision, or a third collision partner needs to be 

involved.   

3 2Cu Ar Cu Ar    

Most of the charge exchange processes occur in the plasma zone because (i) the gas 

density in the TOF instrument is lower than in the plasma zone, (ii) the cross section for 

charge exchange is smaller for the 80 keV Cu2+ ions and especially for the 120 keV Cu3+ ions 

moving through the background gas Ar than for the Cu ions moving with of a kinetic energy 

of typically 50-60 eV [7] through the Ar gas in the plasma zone [27]; (iii) the ions travel 

about 20 µs through the plasma zone but only about 1 µs through the TOF zone, (iv) some of 

the gas in the TOF path is scattered away by the beam before the measurement was done 150 

µs after beam started; and (v) the plasma zone is relative small and confined, hence gas 

scattering will not lead to a large reduction of gas density, quite contrary: plasma-wall 

interaction in the plasma zone leads to an increase of both gas and metal neutrals, and this 

increase is fully developed 150 µs after the plasma started [12].  Non-resonant charge 

exchange reactions (3) conserve energy and momentum, but the velocities of the 

post-collision particles are different than their pre-collision velocities, and therefore the ion 

that suffered a collision while traveling through the spectrometer will not arrive with those 

particles that traveled without collisions.  The TOF peaks at the Faraday cup detector are 

therefore a measure for the plasma processes, although their ratio might be somewhat 

distorted in the spectrometer. 

We further note that the presence of the magnetic field does not affect the motion of 

atoms, and only marginally those of ions, and hence charge exchange collisions are not 

sensitive to the presence of the field.   

The appearance of gas ions is mainly caused by electron impact ionization.  Free 

electrons are greatly affected by the magnetic field because their gyration radius is much 

smaller than the characteristic system size (here the solenoid radius).  Therefore it does not 

surprise that the likelihood of ionization of the background gas is greatly enhanced as soon as 

the magnetic field is switched on.  Electron impact ionization can also explain the 

appearance of doubly charged argon (ionization energy 40.74 eV) while it would take Cu4+ 

(ionization energy 57.38 eV) to produce Ar2+, yet Cu4+ has not been detected in appreciable 

quantities.   

An increase of the path length for the metal plasma to travel through the background gas 

and an increase of gas density increases the likelihood of gas ionization.  This tendency is 

much enhanced when the free electrons are magnetized.  The interplay of charge exchange 

collisions and electron impact ionization readily explains the observed tendencies in a 

qualitative manner.  Simulations should be done if there was a need to predict or confirm the 
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results, which is beyond what we tried to demonstrate here.   

 

V. CONCLUSIONS  

The experimental results presented in this paper are complimentary to our previous findings 

that the processes of gas ionization and the reduction of metal ion mean charge states take 

place not at or near the cathode surface but in the space between the cathode and anode.  

Different collision processes with neutral atoms are responsible for this, primarily (i) charge 

exchange of multiply charged metal ions with gas and metal neutrals, and (ii) gas ionization 

by electron impact ionization facilitated by the energetic electrons of the tail of the Maxwell 

distribution.  The presence of gas affects both types of collisions.  Since electrons are 

readily magnetized, collision types involving free electrons are very sensitive to the absence 

or presence of a magnetic field. 

The results are consistent with previous findings [12], namely that the charge states of 

metal ions are generally reduced at large distance from the spot, and thus that the metal 

charge states at cathode spots are higher than generally observed and reported in the literature 

[2, 4, 7, 15, 28].   
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Figure Captions 

Fig.1. Experimental set-up based on the “Mevva V” ion source with modified cathode unit; 

the numbered labels have the following meaning: 1: copper cathode, 2: triggering ring, 

3: ceramic flashover ring, 4: movable stainless steel rod, 5: anode, 6: magnetic field 

coil, 7: emission (plasma) grid, 8: high voltage insulator: 9: ion extraction grids.  

Fig.2. Ion beam mass/charge spectra for cathode position 0 cm, B = 0.05 T, argon p = 0.04 

Pa. 

Fig.3. Ion beam mass/charge spectra for cathode position 20 cm, B = 0.2 T, argon p = 0.04 

Pa. 

Fig.4. Composition of the extracted ion beam at different cathode positions. Arc current 200 

A, argon, p = 0.04 Pa, B = 0.2 T. 

Fig.5. Total fraction of metal (copper) ions in extracted beam at different cathode positions. 

Arc current 200 A, B = 0.2 T. 

Fig. 6. Metal (copper) ion mean charge state in extracted beam at different cathode position. 

Arc current 200 A, B = 0.2 T. 

Fig. 7. Total fraction of gas ions (Ar p =0.04 Pa) in the extracted beam for different cathode 

positions. Arc current 200 A.  
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