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Abstract:  This study examines the detailed dispersion properties of high frequency (1-

15 MHz) plasma fluctuations within a Hall thruster. The results reveal the existence of two 

strong modes in this frequency range, which are predominantly axially – propagating, with 

weaker azimuthal waves near the exit and near field region. Both modes show generally 

similar dispersion characteristics. Each propagates predominantly towards the anode within 

the discharge, and towards the cathode in the near field. Each is characterized by low 

wavenumber cut-offs (near 4.5 MHz and 10.5 MHz respectively). In all cases, within the 

channel, the results seem to be only weakly dependent on axial position, indicating that these 

disturbances are highly non-local.  The wavenumber lies within a range of 100 – 700 rad/m, 

and the phase velocities fall in the range of 10
5
 – 5x10

5
 m/s. The azimuthal components near 

the exit of the discharge have phase velocities approaching the azimuthal electron drift 

velocity, but their dispersive characteristics fall short of what is expected for a typical beam-

plasma mode.  We suspect that the because the frequency of these waves lie close to the 

lower-hybrid resonance, that these waves are the result of an interaction between the lower-

hybrid waves and the electron stream mode, driven and coupled by the relatively strong 

transverse electron shear flow, the scale length of which corresponds closely to the measured 

wavelengths.  

Nomenclature 

C, Q = real and imaginary components of the cross spectrum 

h = Morlett mother wavelet function 

i = imaginary number 

k = wave number 

t = time 

τ = time offset 

 Φ = probe signal 

x = probe position 

xp = distance between two probes 

ω = frequency 

I. Introduction 

all thrusters are a highly efficient plasma propulsion option for spacecraft propulsion applications.  This 

technology has a long heritage of research and development dating back to the late 1950s
1,2,3,4

.  While the 

technology itself has reached a certain level of maturity, models and simulations are still unable to capture the 

simplest of properties, such as the current-voltage characteristics, let alone more complex behavior such as thrust 
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Figure 1. Schematic of experimental setup. 

efficiency and plume structure, unless an ad-hoc treatment is applied for the electron cross-field mobility
5,6

.  A 

remaining obstacle to developing robust engineering simulations of this device is the development of such transport 

models. It is believed that in traditional co-axial annular Hall thruster designs, the mobility within the channel and in 

the near-field is higher than can be explained by classical models – i.e., models of electron migration across 

magnetic fields in quiescent plasmas due to electron-neutral particle scattering. As a result, some researchers
7,8

 have 

suggested alternative explanations for this anomalous transport, such as electron scattering with the channel walls, 

and/or enhanced cross-field current due to correlated fluctuations in electric field and plasma density. It is this later 

possibility that prompted our studies of fluctuations in these devices
9
. Using multiple probes, we have characterized 

the dispersion of low-frequency (<500 kHz) fluctuations within the discharge channel, which we believe are 

primarily due to gradients in either the magnetic field and/or plasma density. With the development of a suitable 

linear theory for these low frequency disturbances, which carry significant energy, we can estimate their propensity 

to contribute to the cross-field current.  Early studies of such fluctuations
10

 in a Hall discharge using multiple probes 

to characterize the phase shift between the azimuthal electric field and plasma density confirmed that these low 

frequencies can account for the anomalous current.  

 There have been a plethora of experiments that reveal the presence of even higher frequency fluctuations with 

the Hall thruster channel
11

. Very recent experiments
12,13

 have clearly identified waves in the 1MHz to 50MHz range, 

components of which propagate in the azimuthal direction, with phase velocities on order the electron drift 

velocity
rzd BEv /= .  Several theories have been proposed to explain the existence of these fluctuations. One 

possibility is that they are due to the classical streaming instability of the electron component due to the strong 

azimuthal drift, However, recent experimental observations by Lazurenko et al.
14

 also show the existence of axial 

oscillations at these frequencies that are not well accounted for by these models. 

This study looks deeper into the nature of these high frequency waves by using three simultaneous Langmuir 

probes to investigate propagation direction in a two dimensional axial-azimuthal plane.  Measurements are 

conducted, for the first time, within a Hall thruster discharge channel as well as the near field plume region of the 

thruster. 

II. Experimental Setup 

The experimental setup employed to 

characterize high frequency fluctuations 

within the acceleration channel of a Hall 

thruster is shown in Fig. 1.  Three separate 

Langmuir probes are inserted into the 

acceleration channel through a slot cut in 

the side of a laboratory Hall thruster.  

These three probes are connected to 

impedance matching circuitry to reduce 

signal attenuation at high frequencies.  The 

impedance matching circuit is located 

within close proximity to the thruster 

within the vacuum chamber.  The Hall 

thruster itself is mounted on a 1-

dimensional motion stage, allowing the 

probes to access multiple axial (E-field 

aligned) locations within the channel as 

well as the near field region of the thruster. 

A close up view of the three probe 

arrangement is illustrated in Fig. 2.  The 

three Langmuir probes are separated by a 1 mm offset in the axial and azimuthal directions of the thruster.  This 

three probe setup allows the oscillations to be correlated with frequency, wave number and direction in a two 

dimensional axial-azimuthal plane.  For the results presented in this paper, we use the coordinate system illustrated 

in Fig. 3, where an angle of zero radians represents an axial wave in the direction of the cathode, angles of ± π/2 are 

in the in the E x B and opposite the E x B directions respectively, and an angle of +π is an axial wave directed 

toward the anode. 

Each Langmuir probe collects a series of current measurements through time.  For this experiment we collect 

50,000 data points per probe at a 125 MHz sampling rate.  The probes were negatively biased to the ion saturation 
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Figure 2. Probe orientation within Hall thruster 

discharge channel. 

1mm

1mm

 

 
Figure 3. Schematic of probe layout.  

 
 

Figure 4. Diagram of the impedance matching circuit. 

regime such that current fluctuations correspond to 

variations in the plasma density.  To process this data, 

we use the method described by Beall et al.
15

 to correlate 

the frequency with wave number for each two probe 

pair. The wave number is determined from:  

 

 
1 ( ) 1

( ) tan
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−  
=  
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where C and Q are the real and imaginary components of the cross spectrum between any two probe signals, i.e.: 
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However, as in the work of Dudok et al.
16

, we replace the Fourier transform with the wavelet transform given by  
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where h(t) is the Morlet mother wavelet, given by: 

 

2

1/ 4

1
( ) exp( 2 )exp( / 2)h t it tπ

π
= − − . 

                                                                     (4) 

Morlet wavelet decomposition employs wave 

packets rather than an infinite sinusoidal wave, 

and has the advantage of removing the constraints 

of planarity, stationarity and homogeneity of the 

signal, as well as improving the signal-to-noise 

ratio of the processed results.  As a final step, the 

wave number for each two probe pair is combined 

at each combination of frequency and time to 
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(a) 

 

(b) 

Figure 5. Power spectral density plot with (a) and 

without (b) the impedance matching circuit. 

reveal wave propagation direction. 

Impedance matching circuitry, located within the vacuum chamber, is used to match the impedance of the 

plasma source to the 50 Ohm coaxial cables carrying the signal to the data acquisition equipment.  Without the 

proper use of impedance matching, high frequency signals may become attenuated due to reflected power within the 

coaxial cables.  The amount of attenuation generally increases with increasing frequency.  The design of the 

impedance matching circuit follows the work of Litvak et al.
13

 and is shown in Fig. 4.  The central feature of this 

circuit is an operational amplifier with frequency response to a maximum of 500MHz.  The output of the operational 

amplifier has virtually no impedance, and is matched to the 50 Ohm coaxial cables with a resistor.  This circuit 

proved effective at resolving high frequency signals well above 15 MHz.  

III. Results 

A typical power spectral density of the signal from one probe (positioned at a z = 5 mm, i.e., 5 mm beyond the 

exit plane) is compared with and without the use of the impedance matching circuitry.  We can see from this figure 

that the impedance matching circuitry is needed to resolve oscillations above approximately 15MHz. Using the 

impedance matching circuit, we find considerable energy in fluctuations in the 100 kHz – 60 MHz range, which 

straddles the characteristic lower hybrid (~600 kHz) and ion-plasma (~6 MHz) oscillation frequencies for the plasma 

properties near the exit of these thrusters. In particular, we see peaks at 450 kHz, 3.9 MHz, 11.1 MHz, 34 MHz, and 

about 50 MHz. Without the impedance matching, we see only the lower three (the lowest not resolved in Fig. 5 (b)), 

which appear at about 600 kHz, 4.3 MHz, and 10 

MHz, respectively.   

A practical complication was encountered while 

using the impedance matching circuit for multiple 

measurements within the Hall thruster discharge 

channel.  The operational amplifiers used in this 

circuit were extremely sensitive to power spikes 

generated by the discharge, and would repeatedly 

fail during the experiments.  This would result in 

long delays in gathering data, as the circuit was 

situated within the vacuum chamber.  It was decided 

instead to focus on the relatively strong features 

visible at approximately 5MHz and 10MHz, which 

were easily resolved and within the frequency 

response of the probes without the matching circuit. 

The results discussed below were collected without 

the use of the impedance matching circuit. 

Experimental data was collected at 9 axial 

locations within the discharge channel and at three 

locations in the near field plume region, spaced at 

0.5 cm axial (z) increments.  The Hall thruster was 

operated in four regimes: 150V and 100V discharge 

using both xenon and krypton propellants.  This 

paper will focus here on just a representative subset 

of this data collected at three axial locations of z = -

6.2 cm, -3.2 cm and 0.5 cm relative to the discharge 

channel exit using xenon propellant.  This data is a 

good representation of the overall behavior of the 

experimental observations for all regimes 

characterized. 

We begin by examining the behavior of these 

nominally 5MHz and 10MHz modes according to 

their propagation direction (propagation angle) and 

the dependence of propagation on frequency, in the 

power spectral density map shown in Fig. 6 and Fig. 

7 respectively.  Note that while we shall refer to 

these waves as the “5 MHz” and “10 MHz” modes, 
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they actually disperse over a broader range of 3-6 MHz, and 7-12 MHz respectively. These maps presented in Figs. 

6 and 7 offer a glimpse into this dispersion. A first examination of all of the maps (where probe locations vary from 

(z = -6.3, -3.2, and +0.5 cm, top to bottom) is that the majority of power at these frequencies is from axially 

propagating waves.  For the 5MHz mode, the wave is strongest for all locations within the channel at an angle of α 

= –π radians, corresponding to a wave propagating towards the anode.  The frequency of this anode-directed 

disturbance shifts slightly to lower values and increases in strength as the position is moved towards the anode. In 

the near field region (z = 0.5cm) we begin to see evidence of a component that is propagating at an angle of α = π 

radians, i.e., axially propagating towards the cathode, albeit at a slightly higher frequency.  We note that azimuthal 

activity is very weak, but we do see some evidence of a tilted wave propagating in the positive E x B direction 

(+π/2) in the near field region of the thruster and also near the anode, but cannot see coherent azimuthal behavior 

though much of the acceleration channel within this mode.  It is interesting to note that as this tilted component 

transitions from a pure azimuthal to axial direction (propagating towards the cathode), its frequency also shifts 

slightly from 4MHz to 5MHz. In general, however, we see that the principle frequency of this wave remains 

relatively constant regardless of the axial location at which it is measured – an indication that this disturbance is 

highly non-local, independent of the fact that the plasma properties vary significantly over this axial range. 

For the 10MHz mode (Fig. 7), we again note that most of the power is contained in axially propagating waves.  

Like the lower frequency mode, this axial wave is predominantly anode-directed within the channel, and cathode-

directed in the near field region.  We can see that within the channel, the frequency of the anode-directed wave is 

slightly higher than that of the cathode-directed wave.  In the near field region we can observe the emergence of an 

azimuthal component to the waves in the positive E x B direction.  While the cathode-propagating wave at 9 MHz 

appears to shift slightly to 10 MHz as one moves from the channel to the near-field,  as we observed for the 5 MHz 

mode, overall, the frequency of the waves remain rather independent of the axial location at which they were 

measured. 

The corresponding wave number versus phase velocity for the 5MHz and 10MHz modes are shown in Fig. 8 and 

Fig. 9 respectively.  Note that the absolute value of the wavenumber is plotted, to avoid having to depict data in four 

quadrants. To our surprise, despite the relatively dispersed nature of the angle-frequency maps, the wavenumber-

phase velocity maps seem to be very strongly correlated and characteristic of a wave exhibiting a clear cut-off at 

zero wavenumber. For the 5MHz wave it is clear that within the channel, there is a preferred direction of 

propagation in the negative wave number direction, as indicated by a strong favoring of negative phase velocity. As 

these waves are primarily axial, this corresponds to an anode-directed wave.  Just outside of the channel we see that 

there is both a negative and positive phase velocity.  In all cases, the 5MHz disturbances have a predominant phase 

velocity of approximately 1.5 x 10
5
 m/s and a wave number of 180 rad/m (approximately 3 cm wavelengths).  A 

discussion about the detailed characteristics of the weaker azimuthal components is provided later in the paper. 

An examination of the panels shown Fig. 9 indicates that, similar to the 5MHz case, the 10MHz predominantly 

axial wave also appears to be anode-directed within the channel; however, in the near field region this wave 

becomes strongest in the cathode direction.  Compared to the 5 MHz mode, the 10 MHz mode exhibits a shape 

indicative of an even lesser sensitivity in frequency to wavenumber as the wavenumber does not fall as quickly with 

phase velocity. Overall, the phase velocity of the strongest component is somewhat higher than that of the 5MHz 

mode.  It is strongest at a velocity of approximately 2.5 x 10
5 

m/s with a wave number of about 300 rad/m (5 cm 

wavelengths).  Overall, we find that the general shape of the underlying dispersion is somewhat insensitive to axial 

position, again suggesting that there is strong non-locality to these disturbances.  As we found for the 5 MHz mode, 

the strength of the disturbances seem to increase as the position of the probes are moved from the anode to the exit 

plane 

Yet another view of the nature of these disturbances is obtained by examining the angle-resolved dispersion, as 

depicted in frequency-phase velocity for axial wave discrimination (Fig. 10 and 11).  For the 5MHz waves (Fig. 10), 

the predominantly anode-directed wave (negative) phase velocity clearly increases with increasing frequency, 

indicative of a decreasing frequency with increasing wavenumber, as discussed earlier.  This increase is not 

indefinite – in fact, as one moves towards the exit plane, it is very clear that there is a strong cut-off in the 

dispersion, at a frequency of approximately 4.5 MHz, as noted from examination of Fig. 8 above.  To our 

knowledge, there are no electrostatic modes from simple cold-plasma or warm plasma theory that predicts such 

behavior - certainly none that diminish in frequency with increasing wavenumber and with a cut-off very near the 

lower-hybrid or ion plasma resonance. Near the exit plane and beyond, we see the emergence of the cathode-

directed axial wave; however, its characteristics are notably different. Again, we find that there is a cut-off at 

approximately 4.5 MHz, but the wave increases in frequency with decreasing phase velocity, indicating that the 
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cathode directed wave increases in frequency with increasing wavenumber, in contrast to that of the anode-directed 

component. 

By comparing the panels in Fig. 11 to those of Fig. 10, we see that the dispersion for the 10MHz mode is notably 

different than that of the 5 MHz mode.  The 10 MHz mode appears to have cut-offs in the range of 10-11 MHz, but 

inside the channel, these cut-offs are approached from higher frequencies for the anode-bound waves, and lower 

frequency for the cathode-bound waves. Outside the thruster the behavior is somewhat reversed.  

A close examination of the azimuthal component behavior is somewhat more difficult because of much lower 

amplitudes in comparison to the axial waves. Results are presented here in Fig. 12 and 13, for the axial location just 

past the exit plane of the thruster, near the peak region of the magnetic field, where the power in these azimuthal 

waves was appreciable in comparison to their axial counterparts. Figure 12 depicts the variation in frequency with 

phase velocity, and Fig. 13 depicts the variation in wavenumber with phase velocity. The top frame in each 

corresponds to the 5 MHz mode, whereas the bottom is for the 10 MHz mode.  

Both the 5 MHz and 10 MHz modes clearly reveal low-wavenumber cut-offs at corresponding values of about 

4.5MHz and 10.5 MHz respectively.  For the 5 MHz mode, these cut-offs are approached from low frequency, 

whereas they seem to be approached from below and above the cut-off in the 10 MHz mode case. For the 10MHz 

mode, the dispersion is strikingly similar to that for the axial component.  We can see from these results that there is 

a favoring of the positive phase velocity corresponding to waves propagating in the direction of E x B drift, with a 

phase velocity of approximately 5 x 10
5
 m/s, While this is of the order of the drift velocity (E/B ≈ 10

6
 m/s), it is 

notably lower than the drift velocity – which raises questions as to the origins of these waves. If the drifting 

electrons are thought to give rise to electron-stream interactions we expect a “beam mode” with dispersion 

characteristics ω ≈ kvd, with no cut-off at low wavenumber. This is not the case in our experiments. Clearly, an 

alternative explanation must be sought for these waves, particularly the origins of the azimuthal components, even 

though they are much weaker than their corresponding axial counterparts. 

We note also that the general characteristics of all of the disturbances seen in our experiments are that the waves 

have a preference for propagation at wavelengths of ~ 3 cm. This length scale overlaps somewhat with the length of 

the ionization region, as well as the length over which there is a strong transverse shear flow in the electron fluid. 

The combination of the favoring of this wavelength, together with the findings that the propagation characteristics 

do not vary strongly with axial position suggests that the waves are non-local, and therefore the analysis of the 

azimuthal wave dispersion may require a non-local treatment.  Such a non-local treatment was carried out by 

Romero et al
17

 for a configuration very similar to ours, in which the shear scale length is less than the ion Larmor 

radius. The results of that analysis indicate that the transverse shear flow of the electrons provides the energy behind 

the (unstable) growth of E x B propagating disturbances. Their analysis also shows that the resulting mode 

frequency is very near the lower-hybrid frequency (as we have also found), and that additional unstable modes in the 

same frequency range can be driven by plasma density variations (note that Hall thrusters exhibit very strong plasma 

density variations). It is noteworthy that the maximum growth rates in all cases corresponding to wavelengths 

comparable to the scale length of the transverse electron shear flow, which in our case, is about 3 cm. The 

phenomena responsible for the waves seen in Ref 17 is a complex coupling (interaction) of the lower-hybrid wave to 

the beam-mode, as a result of the transverse shear. 

IV. Conclusion 

This study has examined the detailed properties of plasma oscillations in the 1MHz to 15MHz band within a 

laboratory Hall thruster and has revealed the existence of axially and azimuthally propagating waves, both with low 

wavenumber cut-offs, particularly near the exit plane of the discharge where the magnetic field is strongest.  In our 

experiments, we find two strongly excited modes (at ~ 5MHz and 10MHz), distinguished by their cut-offs at 4.5 and 

10.5 MHz respectively.  The wavenumbers for all of the modes seen lie broadly within the range of 100 – 700  

rad/m, but are strongest for wavelengths of about 3 cm, close in scale to the region of both strong plasma density 

variation, as well as transverse electron shear flow.  For the data collected in the near field region of the thruster, this 

study supports the findings of similar experimental work and confirms the existence of long wave length azimuthal 

modes with phase velocities on order the electron drift velocity.  However, we emphasize that the phase velocities 

measured are consistently lower than the peak drift velocity for our experiments.  An explanation of this azimuthal 

wave as a beam mode driven by the azimuthally-drifting electrons is inadequate, in that such a beam mode does not 

exhibit the characteristic cut-offs seen in the dispersion maps.  Most importantly, our measurements reveal the 

presence of strong axial waves at these same frequencies.  In fact, within the acceleration channel of the Hall 

thruster we find that the axial waves dominate, and travel primarily towards the anode.  Comparing the observed 



 

The 31st International Electric Propulsion Conference, University of Michigan, USA 

September 20 – 24, 2009 

 

7 

axial and azimuthal waves, the axial waves are found to have phase velocities only slightly slower than their 

azimuthal counterparts. 

One of the most unexpected findings of this study is that the nature of the waves, in terms of characteristic wave 

number and frequency, remained largely independent of the axial location at which they were recorded.  This non-

locality, even in the presence of strong spatial variations in plasma properties suggests that local approximations for 

the excitation of these waves may be inadequate in describing their propagation characteristics. Non-local analysis 

such as that carried out by Romero et al
17

 suggest that the waves seen in our experiments may be the result of a 

complex coupling between lower-hybrid waves and electron stream waves, driven unstable by the transverse 

electron shear. 
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(a) 

 
(b) 

 
(c) 

 

Figure 6. Angle versus frequency (3MHz – 7MHz) 

at axial locations of -6.2cm (a), -3.2cm (b) and 0.5cm 

(c). 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 7. Angle versus frequency (7MHz – 13MHz) 

at axial locations of -6.2cm (a), -3.2cm (b) and 0.5cm 

(c). 
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(a) 

 
(b) 

 
(c) 

 

Figure 8. Wave number versus velocity for axial 

waves (3MHz – 7MHz) at axial locations of -6.2cm 

(a), -3.2cm (b) and 0.5cm (c). 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 9. Wave number versus velocity for axial 

waves (7MHz – 13MHz) at axial locations of -6.2cm 

(a), -3.2cm (b) and 0.5cm (c). 
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(a) 

 
(b) 

 
(c) 

 

Figure 10. Frequency versus velocity for axial 

waves (3MHz – 7MHz) at axial locations of -6.2cm 

(a), -3.2cm (b) and 0.5cm (c). 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 11. Frequency versus velocity for axial 

waves (7MHz – 13MHz) at axial locations of -6.2cm 

(a), -3.2cm (b) and 0.5cm (c). 
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(a) 

 
(b) 

Figure 12.  Frequency versus velocity for azimuthal 

waves from 3MHz – 7MHz (a) and 7MHz – 13MHz (b) 

at an axial location of 0.5cm. 

 

 
(a) 

 
(b) 

Figure 13.  Wave number versus velocity for azimuthal 

waves from 3MHz – 7MHz (a) and 7MHz – 13MHz (b) 

at an axial location of 0.5cm. 

 


