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SPATIALLY EESOLVED INSTABILITY 14EASUEEMENTS WITH A HEAVY ION BEAM PROBE 
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Abstract: A heavy ion beam probe has been used to make simultaneous 
measurements of the amplitude and phase of both density and space poten
tial fluctuations in an energetic arc plasma. Detailed comparison with 
theoretical predictions Identifies a 70 KHz coherent oscillation as a 
KelvinHelmholtz instability localized to a region of strong fluid shear. 

INTRODUCTION 

Unambiguous identification of instabilities in high energy density 
plasmas has been exceedingly difficult. This is primarily due to the lack 
of space and time resolved measurements of both plasma density and space 
potential. We have now demonstrated that ion beam probing can provide the 
required information. The present work is concerned with the detailed com
parison of theoretical predictions and experimental data for a Kelvin
Helmholtz instability in an energetic arc discharge. The techniques, how
ever, can be extended to larger plasma systems and in particular, should be 
applicable to the study of trapped particle modes In Tokaniaks. 

An ion beam probe diagnostic system is shown schematically in Fig. 1. 
A beam of singly charged primary ions is directed through the plasma normal 
to the confining magnetic field. Some of these are converted to doubly 
charged secondary ions by electron impact. The intensity of the secondary 
ion beam provides a measure of the plasma density and electron temperature 
at the location where the secondary ions were created. The energy differ
ence between the primary and secondary beams is a direct measure of the 
plasma space potential. Typical space resolution is 0.6 cm and time reso
lution is less than 10 usee, allowing detailed measurements of low frequency 
plasma instabilities. 
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Fig. 1: Ion Beam Probe Diagnostic System 
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EXPERIMENTAL MEASUREMENTS 

The Instability study was carried out in an energetic hollow cathode 
discharge which was operated with a solonoidal magnetic field of ft 2 kgauss. 
This arc produced a 3 cm diameter He plasma with a peak density of the order 
of 10 cm"' and an electron temperature of fiflQ eV. The plasma was sub
ject to a strong coherent instability at a frequency of approximately 
TO KHz. 

Figure 2 shows a typical beam probe profile measurement along a plasma 
diameter. The central trace is the fluctuating component of the plasma 
density and shows strong radial localization and essentially zero amplitude 
at the center of the plasma. The second trace is the time-averaged space 
potential profile along the same diameter. Detailed examination of space 
potential profiles shows that there is a reversal in the radial electric 
field and that the instability is maximum in this region of strong fluid 
shear. Both traces in Fig. 2 are asymmetric whereas the corresponding time-

Fig. 2: Fluctuating Density 
Amplitude and Time-Averaged 
Space Potential Along a 
Diameter of the Plasma 

averaged density distribution possesses cylindrical symmetry. Space poten
tial fluctuations are somewhat noisier and show the same characteristics as 
the density fluctuations except the radial location of the peak amplitude is 
slightly smaller. 
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Fig. 3: Fluctuating Density 
Amplitude and Density-Space 
Potential Phase Difference Along 
a Diameter of the Plasma 



Figure 3 shows similar radial plot of the fluctuating density ampli
tude along with the density-space potential phase angle. Since both density 
and space potential fluctuations are measured simultaneously, this phase 
difference can be directly measured. Almost all the variation in phase 
angle is due to the space potential phase. Density phase measurements 
show a nearly constant phase on either side of the plasma. There is an 
£rl8o° phase shift at the center, establishing an m = 1 azimuthal mode. 

Variation of the axial magnetic field causes large changes in the 
characteristics of the instability, as shown in Fig. h. The left hand 
oscillograms show the fluctuating density and the time-averaged space 
potential along a chord that is tangent to the peak amplitude radius. The 
right hand oscillograms are spectrum analyzer traces of the density signal. 
As the magnetic field increases the gradients in the space potential 
become more pronounced. This leads to larger instability amplitude and 
increased coherence. Similar variation in the space potential profile can 
be produced by varying the arc current while maintaining the magnetic field 
constant. This also leads to the same type of behavior for the fluctuation 
spectra and clearly demonstrates that the radial space potential profile is 
the dominant parameter controlling the instability. 

Fig. h: Effect of Changing the 
Confining Field. Left Hand 
Oscillograms: Top Trace is 
Fluctuating Density Amplitude, 
Lower Trace is Time-Averaged 
Space Potential Along an Off-
center, Detector Line.- Right Hand 
Oscillograms: Spectrum Analyzer 
Trace of Density Signal. 

COMPARISON WITH THEORY 

The ability to make space and time resolved measurements of both den
sity and space potential permits us to make a detailed comparison with 
theoretical predictions. The strong dependence on the space potential 
profile and the localization to the region of maximum fluid shear suggest 
a Kelvin-HeImholtz instability. We have compared the measurements with 
predictions based on a model developed by Jassby.3 This model predicts 
localization to regions of maximum shear, e0/'kT^>>l, and a large variation 
in the density-space potential phase angle in the region of the maximum 
shear. The experimental results are in excellent agreement with the pre
dictions. The localization and phase variation are shown in Fig. 3 and 
the measured value of eO/kT^ >" 25. 

We have also used a general flute model developed by Rosenbluth and 
Simon^ to predict the eigenfrequency of the instability and the radial eigen-
functions of density and space potential. The model takes the form of a 
radial wave equation which must be evaluated numerically. The analysis 
was made specific to the present experiment by using a rotation profile 
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determined from the space potential measurements. Figure 5 shows the 
measured and calculated radial profiles for the amplitude and phase of the 
density fluctuations. The calculated eigenfrequency is I35 KHz compared 
with the experimentally observed frequency of 70 KHz. The agreement is 
very good, considering that the model utilizes a linear perturbation 
analysis and assumes cylindrical symmetry while the measurements are made 
in a non-linear regime and show definite asymmetry. Similar agreement is 
obtained for the amplitude and phase of the space potential fluctuations. 
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Fig. 5: Amplitude and Phase of Density 
Fluctuations vs Radius. Dotted Lines 
and Points are Experimental Data. Solid 
Lines are Theoretical Predictions. 

CONCLUSIONS 

A heavy ion beam probe is capable of providing the space and time 
resolved measurements of density and space potential in high energy density 
plasmas that are necessary in order to obtain an unambiguous identification 
of plasma instabilities. Excellent agreement between theory and experiment 
has been obtained for a Kelvin-Helmholtz mode in an energetic arc. 
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