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Abstract 

Ionization zones, also known as spokes, are plasma instabilities manifested as locations of 

intensified excitation and ionization over a sputtering magnetron’s racetrack.  Using a linear 

magnetron and a streak camera we were able to observe and quantify spoke dynamics.  The 

technique allows us to image the onset and changes for both direct current magnetron sputtering 

(dcMS) and high power impulse magnetron sputtering (HiPIMS).  Spokes in dcMS exhibit 

substructures.  Spokes in HiPIMS are not stable as they shift along the racetrack, rather, they tend 

to grow or diminish, and they may split and merge.  Their evolution can be interpreted in the 

context of localized electric fields and associated electron heating. 
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Sputtering magnetrons are widely used to produce thin films and coatings.  While the technology 

is generally considered mature, recent research in magnetrons’ plasma properties showed the 

richness of plasma instabilities.  Magnetrons generally, but not always, exhibit ionization zones,1,2 

also known as “spokes” in analogy to well-known E×B  instabilities of Hall thrusters.3  Spokes 

are generally needed to help facilitate electron current flow from the closed E×B  drift path to the 

anode4 (E and B are the local electric and magnetic field vectors).  Spokes can be found in high 

power impulse magnetron sputtering (HiPIMS),1,2 as well as in the more traditional direct current 

magnetron sputtering (dcMS).5  In HiPIMS, spokes drift in the E×B  direction, i.e. the direction 

of the electron drift.  In contrast, spokes drift in the opposite direction for dcMS, indicating that at 

least two opposing mechanisms are responsible for the motion or shift of spokes.  Briefly, one can 

argue that a spoke shift in the E×B  direction (as observed in dcMS) should be the expected, the 

“natural” direction, because drifting electrons arriving at a spoke are accelerated at the spoke 

edge’s electric field,6 while ions formed there are accelerated in the E×B  direction, displacing 

the electric double layer in the E×B  direction.  Additionally, those ions are subsequently 

accelerated to the target where they emit secondary electrons on the E×B  side of the spoke’s 

edge.6  In dcMS there are always plenty (gas) neutrals available to be ionized by energetic electrons, 

however, the situation is different in HiPIMS: neutrals may be locally depleted due to rarefaction 

and intense ionization.  As was argued in ref.1, neutrals can locally be depleted by ionization in 

spokes, and ions will be depleted (“evacuated”) by the local electric field.  As a result, electrons 

arriving at a HiPIMS-spoke have to drift a bit further in the E×B  direction to encounter neutrals 

to be ionized.  That implies a displacement of the most intense ionization in the E×B  direction.  

At intermediate current levels, between dcMS and HiPIMS, spoke direction reversal can be 

observed.7,8 

Additional information on spokes has been gained by numerous probe studies, including those 

monitoring the potential distribution of dcMS spokes,6 the merging and splitting of spokes in 

HiPIMS,9 and simultaneous oscillations of the potential of all spokes, labeled as “breathing 

mode”.10  

In this contribution we add a powerful approach to such research by using a “linear” magnetron, 

i.e. a magnetron with straight sections of the racetrack, and projecting one of the straight sections 
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onto the entrance slit of a streak camera.  While optical measurements and imaging has been done 

before, here we can directly follow the evolution of spokes as they move along the racetrack.   

The experiments make use of a linear planar magnetron (Kurt J. Lesker Comp.) with a 240 mm  

120 mm target.  The target thickness can be selected using a suitable clamping frame: Al, Ti, and 

Cu targets of 3.1 mm and 6.2 mm thickness (1/8” and 1/4”) were used, however, in this paper we 

focus on the results with a 3.1 mm thick aluminum target only; the other results will be presented 

in a more comprehensive report.  The magnetic field was mapped in detail but here it should suffice 

to state that the strongest magnetic field component in the target plane, 1 mm over a 3.1 mm thick 

target, was 80 mT.   

The setup is shown in Fig. 1: the magnetron was mounted inside in a stainless-steel high 

vacuum chamber of 1 m inner diameter, cryogenically pumped to a base pressure in the low 10-5 

Pa range.  Argon, and in some cases argon mixed with oxygen or nitrogen, was introduced at a 

flow rate of 100 sccm with different gate valve positions to the cryogenic pump adjusting the 

pumping speed in order to obtain a desired pressure, typically 0.4 Pa.  The magnetron was placed 

in the center of the chamber facing a 20 cm diameter (8”) glass window for taking images with a 

fast-shutter or a fast streak camera.  The chamber window had a shutter which was kept closed 

unless an image was taken.  For space reasons, we focus on the streak camera results in the Letter, 

and will elaborate on more results in an upcoming paper. 

 

 

FIG. 1.  Experimental setup: One of the straight sections of the linear magnetron was projected by the lens onto the 

entrance slit of the streak camera, allowing us to observe the evolution of spokes as they move along that section of 

the magnetron’s racetrack.   
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The discharge was powered by a high current pulse generator, model SIPP2000USB 

(Melec GmbH), capable of delivering pulses up to 1 kV and up to 1000 A of arbitrary duration 

from 5 µs up to 1000 µs (or even longer for low peak power).  This power supply can also serve 

as a dc power supply (i.e., without pulsing).  In its “unipolar negative” mode, the pulser delivers 

negative pulses to the target, with the anode connected to ground.  Typical pulse lengths were 20-

1000 µs with repetition rates between 200 and 10 Hz.  The supply’s arc threshold was usually set 

to 990 A to allow for high current pulses without the arc detection to kick in.  We always recorded 

the target voltage and made sure that the magnetron operated in the magnetron mode, not in the 

arc mode.  Arcs, if present, can be easily recognized by their much lower cathode-anode voltage 

than the voltage of magnetron discharges.  To monitor the voltage, a 100:1 voltage divider probe 

(model P5100 by Tektronix) was attached to the power feedthrough.  The discharge current was 

recorded using a current transformer (model 101 by Pearson) when operating with pulsed 

discharges, and using a dc volt meter (Fluke 189) across a low-impedance shunt resistor when 

investigating dcMS.  All electrical signals were recorded with a fast 4-channel digital oscilloscope 

(Tektronix TDS5104B).  

Two camera types were employed, a gated Intensified Charged Coupled Device (ICCD) 

camera (model PIMAX 4 by Princeton Instruments), and a streak camera (model C7700 by 

Hamamatsu), equipped with an f = 135 mm Nikon lens and detector module C4742-98 whose 

spectral response is in the range 300-1060 nm.  The images of the PIMAX camera served to show 

that spokes on a linear magnetron look like the spokes on a round magnetron.  With that established, 

we can focus on the streak camera results because the slit geometry can be matched to one of the 

two straight sections of the racetrack.   

A streak camera is distinct from a conventional camera as light enters the camera through 

a slit and is recorded in time.  Compared to conventional cameras, one sacrifices resolution in one 

space direction but gains resolution in time.  Streak images are space-time (x,t) presentation of 

light intensity, as opposed to space-space (x,y) images obtained by conventional cameras.   

The part of the target projected onto the streak camera entrance slit was 1 mm wide and 20 

cm long.  A comprehensive set of streak and fast-shutter camera images has been acquired for 

magnetron plasmas operating at various currents, pressures, target materials and target thicknesses: 

we will show and discuss here a few selected streak images only, namely those that are either 

characteristic and/or provide particular insight.  All images show the intensity of light emitted from 
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the plasma presented in the false color scale “royal” of the image processing software IMAGEJ.11 

As it is intuitively clear, black is the least intense and white the most.  

We start with images in dcMS.  As we know from probe measurements and fast frame 

camera imaging,5,8,12 certain power and pressure conditions lead to one, two, or more spokes that 

are relatively stable as they move along the racetrack, while other parameter combinations exhibit 

less stability.  Fig. 2 shows a spoke moving from left to right, in the E×B  direction: the most 

interesting observation here is that the spoke has substructures that move in the opposite direction.  

From the slope one can immediately determine the velocities: on average about 1500 m/s for the 

main spoke, and at least 10,000 m/s for the substructures. The exact values vary somewhat.  The 

main spoke seems to accelerate about 20 µs into the image, and then stalls for 10 µs before 

resuming its travel to the right.  About 80 µs into this image, the main spoke moves out of the 

observation window and 10 µs later the next spoke appears from the left.   

 

 

FIG. 2.  Spoke of a dcMS discharge, 1 A at 280 V, Al target, in 0.4 Pa argon.  The spoke moves from left to right (in 

E×B) while substructures have a different tilt, hence move in the opposite direction.  (Here, and in all other images: 

vertical lines, especially on the right, are due to defects in the camera’s phosphorous and thus artifacts: they should be 

disregarded.)  
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Going to higher currents will increase ionization and we may reach the region where the 

before-mentioned competing spoke drift mechanisms cancel or where one or the other dominates, 

as evident by direction changes of spoke drift.  Fig. 3 shows such situation when using a higher 

current compared to Fig. 2. 

 

 

FIG. 3.  Spoke of a dcMS discharge, 3 A at 313 V, Al target, in 0.4 Pa argon.  The main spoke changes direction; 

substructures moving in the E×B  direction are also evident.   

 

Figures 2 and 3 show the example of an aluminum target in argon.  Images taken with 

titanium and copper targets are qualitatively similar to images with an aluminum target, which is 

not too surprising since the plasma and the emitted light in dcMS is dominated by gas species.   

The situation is quite different in HiPIMS.  Here, the images depend very much on the 

target material as it determines the composition of the plasma, at least at later times in each HiPIMS 

pulse.4,13  At the very beginning of each pulse, for several microseconds after the visible onset of 

plasma generation, the plasma appears uniform but quickly, within microseconds, develops spokes.  

Figure 4 illustrates that for the case of aluminum in nitrogen for a pulse that eventually will reach 

900 A after 200 µs.   
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FIG. 4.  Spokes of a HIPIMS discharge, applied voltage 547 V (later in the pulse leading to 900 A peak), Al target, in 

0.4 Pa Ar with 16 mPa N2 added, image taken at the beginning of the pulse.  Spokes already develop after several 

microseconds; they move in the E×B  direction (from right to left).  Note that the image amplifier stetting is much 

reduced compared to the settings of figures 2 and 3.   

 

Later in the pulse we find evidence for (i) pattern-formation (self-organization) expressed 

by approximate equal distance between spokes, and (ii) significant variability or dynamics of 

spokes (Fig. 5).  Figure 5 was taken under the same pulse condition as conditions of Fig. 4 but 

about in the middle of the 200 µs pulse.  One can see that spokes gain and lose intensity.  While 

the trailing edges move with relatively constant and equal velocity, energetic electrons leaving the 

spoke (see the * symbol in the figure) “catch up” with the preceding spoke and amplifying it.  
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FIG. 5.  Spoke of a HIPIMS discharge, applied voltage 547 V (later in the pulse leading to 900 A peak), Al target, in 

0.4 Pa Ar with 16 mPa N2 added, image taken near the middle of the pulse.  The * symbol indicates where energetic 

electrons leave the spoke and “catch up” with the preceding spoke (to the left), amplifying it.   

 

Spoke dynamics remains evident throughout the entire pulse.  Figure 6 shows a 20 µs 

window near the end of the 200 µs HiPIMS pulse, also taken under the same discharge conditions 

as in Figs. 4 and 5.  This figure contains also an example for spoke splitting.   
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FIG. 6.  Spoke of a HIPIMS discharge, applied voltage 547 V (leading to 900 A peak at the end of the pulse), Al target, 

in 0.4 Pa Ar with 16 mPa N2 added.  We see an example of spoke splitting at about 8 µs into the image.  The horizontal 

brightness modulations correlate with oscillations of discharge current, which often occur near the end of each pulse.    

 

To interpret these images we should recall that we record light which is directly correlated with 

the density of excited states of atoms and ions.  In the following we consider gas atoms for 

simplicity, and the expressions for other species are analogous.  Electrons populating the upper 

level of optical transitions are usually pumped into these upper levels by electron impact excitation.  

The excitation frequency is proportional to the density of atoms, An , in the ground state and to the 

capability of electrons to pump electrons to the upper level:   

    0 0u A u e e e en v v f v dv     (1) 

where 0u  is the velocity dependent cross section, ev  is the electron velocity, and  ef v  is the 

electron velocity distribution function (equivalently, one could write (1) as an energy-dependent 

expression).  In the case of dcMS, especially at low current, An  is approximately constant 

everywhere (apart from some rarefaction near the target).  The gas density greatly exceeds the 

density of electrons, and the light intensity is therefore not determined by the presence of neutrals 
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but by the electrons’ ability to cause excitation and ionization.  More intense light emission is thus 

an indication for a greater density of electrons energetic enough to pump ground state electrons 

into excited states.  The presence of distinct regions of greater excitation and ionization, the spokes, 

are therefore a visual indicator for the distribution of the electron energy, or more to the point, the 

localization of electron heating, as proposed in earlier papers interpreting gated camera images.14,15   

The excitation location can be slightly different than the location of radiative de-excitation 

due to the finite lifetime of exited states, characterized by Einstein coefficients of spontaneous 

emission.  These times are usually shorter than 1 µs and therefore the displacement of atoms while 

they are excited can be estimated to be 1 mm or less.  In other words, in the context of this 

discussion, the location of excitation is approximately the location of spontaneous emission.   

Considering the images related to dcMS, figures 2 and 3, we see substructures that can be 

related to groups of energetic electrons drifting in the E×B  direction with a velocity of slightly 

more than 1  104 m/s. Assuming that the electron drift is dominated by the E×B  drift mechanism, 

and further considering that the B-field some mm above the target is about 50 mT, the electric field 

in the magnetic presheath is, on average, of the order 500 V/m, a reasonable value.6  Energetic 

electrons cause ionization and excitation (the shape and position of the corresponding cross 

sections are similar), and electrons drift away from the locations of ionization faster than ions are 

removed by the local electric field, thus the plasma potential is locally enhanced where more 

ionization occurs. This, in turn, is the mechanism that gives electrons arriving at his location the 

extra “kick” in energy, allowing them to cause inelastic collisions.   

There is no obvious reason why the potential structure of spokes in dcMS and HiPIMS are 

fundamentally different.  Also here, now considering HiPIMS, the locations of enhanced light 

emission presumably are the locations where electrons are more energetic, i.e. where electrons are 

“heated” by moving into locations of higher potential.  The difference to dcMS is the rate of 

ionization, excitation, and degree of ionization, which can lead to strong depletion of neutrals by 

rarefaction and ionization.  Considering equation (1), the density An  is now a function of location.  

The events leading to excitation and ionization depend on both the presence of particles to be 

excited and ionized and the energy of electrons of these locations.  That makes the system much 

more complicated and cause the greater dynamics of spokes in HiPIMS.  Indeed, stable spoke 
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configurations, with exactly one or two or more spokes can be found in dcMS6 while in HiPIMS, 

spokes may occasionally form a self-organized patterns1,16,17 but generally show greater variability, 

including spoke splitting and merging.9   

In summary, spoke evolution has been studied using a linear magnetron and a streak camera, which 

opens the special opportunity to follow spoke evolution.  In contrast to previous studies with round 

target magnetrons, the spoke remains in view while travelling in a straight section, allowing us to 

observe substructures in dcMS spokes, and merging and splitting of spokes in HiPIMS.  The 

observations can be interpreted considering the energetics of electrons responsible for excitation 

and ionization.  The local character of spokes indicates a local character of electron energization, 

which can be associated with the local structure of the plasma potential.  Regions of greater light 

emissions are locations of greater electron energy, which consistently should be regions of higher 

potential.  Such interpretation is supported by earlier reports on spectral imaging14 and emissive 

probe measurements.6   
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Figure Captions 

FIG. 1.  Experimental setup: One of the straight sections of the linear magnetron was projected by the lens onto the 

entrance slit of the streak camera, allowing us to observe the evolution of spokes as they move along that section of 

the magnetron’s racetrack.   
 

FIG. 2.  Spoke of a dcMS discharge, 1 A at 280 V, Al target, in 0.4 Pa argon. The spoke moves from left to right (in 

E×B) while substructures have a different tilt, hence move in the opposite direction.  (Here, and in all other images: 

vertical lines, especially on the right, are due to defects in the camera’s phosphorous and thus artifacts: they should be 

disregarded.)  

 

FIG. 3.  Spoke of a dcMS discharge, 3 A at 313 V, Al target, in 0.4 Pa argon. The main spoke changes direction; 

substructures moving in the E×B  direction are also evident.   

 

FIG. 4.  Spokes of a HIPIMS discharge, applied voltage 547 V (later in the pulse leading to 900 A peak), Al target, in 

0.4 Pa Ar with 16 mPa N2 added, image taken at the beginning of the pulse.  Spokes already develop after several 

microseconds; they move in the E×B  direction (from right to left).  Note that the image amplifier stetting is much 

reduced compared to the settings of figures 2 and 3.   

 

FIG. 5.  Spoke of a HIPIMS discharge, applied voltage 547 V (later in the pulse leading to 900 A peak), Al target, in 

0.4 Pa Ar with 16 mPa N2 added, image taken near the middle of the pulse.  The * symbol indicates where energetic 

electrons leave the spoke and “catch up” with the preceding spoke (to the left), amplifying it.    

 

FIG. 6.  Spoke of a HIPIMS discharge, applied voltage 547 V (leading to 900 A peak at the end of the pulse), Al target, 

0.4 Pa Ar with 16 mPa N2 added.  We see an example of spoke splitting at about 8 µs into the image.  The horizontal 

brightness modulations correlate with oscillations of discharge current, which often occur near the end of each pulse.   
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