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Summary of the Completed Project:  

Investigation of Current Driven Double Layers in a Strongly Magnetized  
Laboratory Plasma  

Michael A. Hayes 
Senior Research Scientist 

Nuclear Engineering Program 
Georgia Institute of Technology 

Atlanta, GA 30332 

Double layers are interesting examples of non-linear plasma processes, and are believed to play an 
important role in determining the physical behavior of the earth's auroral acceleration region. The 
research in which our group has conducted has produced a number of interesting and significant 
results do date. Our work has demonstrated the rapid growth of transverse double layers under a 
variety of current and plasma drift conditions, and in both helium and argon plasmas. We have also 
obtained indications of soliton-like transverse triple layers, and we have obtained rough frequency 
spectrum information on a number of non-linear potential and density structures. In order to 
perform this work to the degree of accuracy desired, we made a number of developments in plasma 
technology, including improved plasma sources, and improved diagnostic techniques; we even 
made some improvements in vacuum technology. The plasmas in which our experiments have been 
performed have been carefully characterized. Both electron temperature and plasma drift speed 
determinations have been made by launching ion acoustic waves in both axial directions, and taking 
both sums and differences of the wavelengths. Absolute determinations of radial density profile 
have been achieved by benchmarking ion saturation probes to a microwave resonance shift density 
measuring cavity. It was this radial density profile information which first led us to suspect the 
importance of drift waves in transverse potential structure formation. We have begun to address the 
question of the roles played in transverse double layers by drift waves, and also by electrostatic ion 
cyclotron waves, and we have determined that an interaction between these wave types is part of the 
transverse double layer formation process. While noting the rapid rate of growth of transverse 
double layers and other potential structures, we have also established an upper bound of about 
(0.1)eV, ie. about (.03)T e  (where Te  is the electron temperature), for the potential jump of 
frequently occurring axial double layers. That is to say, we have determined that axial double layers 
are either rarer, or smaller, than had been expected, while transverse double layers were found to be 
more robust than expected. 



Synopsis of Results to Date 

One important feature which became evident during the course of our research was that the 
potential and density structures which have the fastest growth rates are almost completely 
transverse to the magnetic field, ie. k1  >> kr  I spent a great deal of time and effort trying to 
discover some parameter regime in which I could accurately measure the 19 1  components of a 
potential structure, but this is quite difficult, as all of the structures so far observed have a parallel 
phase velocity in excess of a tenth of the electron thermal velocity, (0.1)v e , which is the limit on 
parallel phase velocity which currently applies to my measurement ability. This is not a hard and 
fast limit, but rather results from the finite length of the tank in combination with the limits on my 
ability to resolve the phase of a structure as it moves past the probes. Parallel phase velocities 
much below (0.1)ve  could be well resolved if any of the structures observed had parallel velocities 
in this range, but none do. In particular it is quite clear that the parallel phase velocity of the 
structures so far observed greatly exceed the ion acoustic speed. We can try establish an upper 
bound to the size of axially propagating structures which might be hiding in the data plates, 
unobserved by us. My best guess at the upper bound on axially propagating double layers which 
might be frequently occuring, but undetected within the data, is roughly 0.1 eV, which 
corresponds to less than one thirtieth of the electron temperature. 

This was quite different from what I had anticipated and, if anything, more interesting. In order to 
obtain some input from theoreticians working on this problem, I sent copies of some of my 
experimental data, with explanations and guides to interpretation, to two well respected 
theoreticians working in this field, Dr. Tom Chang of the Center for Space Research, at MIT, and 
Dr. Mary Hudson of the Department of Physics, Dartmouth. 

After observing the data, Dr. Chang suggested that it appears that non-linear Electrostatic Ion 
Cyclotron (EIC) waves are involved. According to this theoretical interpretation, my experimental 
observations could be the result of non-linear EIC wave propatation very nearly perpendicular to 
the magnetic field. Because the wave is electrostatic, the electric field would then also be in the 
transverse direction, which would explain the polarization of the resulting double layers. After 
hearing Dr. Chang's interpretation of these results, I compared my rough observations of the 
frequency components of the observed transverse double layers with what might be expected from 
EIC waves. The resulting comparison was interesting and significant; it is presented below. 

As noted in the section on experimental results, the frequency components of these waves range 
down to a tenth of the ion cyclotron frequency. This is inconsistent with the approximate form of 
the EIC dispersion relation which is frequently presented, for example in Nicholson, ie.: 

21,2 2 n 2 = Cs + 

where w is the angular frequency of the wave, k is the magnitude of the wave vector, c s  is the ion 

acoustic speed, and fli is the angular ion gyro frequency. But this approximate form ignores a 
term which will be important as the propagation angle approaches perpendicularity to the magnetic 
field. Retaining this term, gives: 

(02 =(k2cs2 	i2)1 E 1 + (m e/M 0(k/102  ] 

where m e  and Mi are the electron and ion masses, respectively, and k i  and are respectively the 
perpendicular and parallel components of the wave vector (and hence k 12+ 1 /2  = k2). This 
indicates that EIC waves below the ion cyclotron frequency can propagate, but only at angles very 
nearly perpendicular to the magnetic field, which is just what we observe. 

Manipulation of the this more exact dispersion relation gives: 

632  [ 1+ (me/M 0(1(21E11)2 ] = (k12+ k?)cs  2 + i2 



where we have used the identity k 12+ 1(02 = k2. Subtracting (.1.)2  from both sides gives: 

(02 thicimixk1/k02] (k12+  k112)es2 (Di2 - (,)2) 

Dividing both sides by (me/Mi)k±2  gives the expression: 

= (Mi/me) U 1+  (k11k1)2 } 
es2 (ni2 - (02)/ k12] 

Defining the parallel and perpendicular components of the phase velocities: v 11 = (w/k11) , and v1 = 

((JAI) allows us to rewrite the above expression as: 

v112 = (Myme) [{ I+ (v1/vo)2 } c 2 + (5212  - (02y k12] 

Since our experimental observations have always indicated v1<< vo  , we may approximate: 

(Mi/me)cs2 + (mone)(ili2 - 032y k12 

or, since (Mym e)cs2  = ve2  , where ve  is the electron thermal velocity: 

vo2  ve2  + (Mitme)(ni2 - (.02)/ k12 

or. 

v112  ve2  [ I + (Mone)(ni2 
- 

(02)/(ve2k12)] 

Typical experiments conducted in Argon plasmas in a 540G magnetic field gave a temperature of 
3.5 eV, and a fairly wide range of k 1  values, with k1  25m-1  frequently occurring. Combining 
this k1  value and temperature with the requisite fundamental constants and grinding gives: 

v11 115 (1 ' 12) ve  

which not only is consistent with the fact that the parallel phase velocity is too large for us to 
measure directly, but also is a phase velocity at which inverse Landau damping on the tail electrons 
from our hammer source may be a possibility. Inverse Landau damping may play a role in 
determining the fastest growing modes, and the fact that the nearly perpendicular (to the magnetic 
field) EIC modes have a parallel phase velocity which automatically falls in a range of values well 
situated to enjoy inverse Landau damping may explain why they such waves appear to dominate in 
our experiment over waves with parallel phase velocity in the range of the ion acoustic speed. 
Another possible explanation of this observation, presented below, has the energy for growth of 
EIC waves coming from drift waves, and has the EIC waves subsequently losing energy via 
Landau damping on the electrons. Not only a better determination of the parallel electron 
distribution function, but also a better determination of the radial and azimuthal components of the 
wave electric field and density gradient are needed. 

Other wave components in argon give values in the range 

ve  <Al < (1.25) ve  

The helium plasmas produced were typically a little bit warmer than the argon plasmas, averaging 
around 4.2 eV (probably due to the higher ionization potential of Helium than of Argon). The 
helium experiments produced frequencies typically a tenth of the helium gyrofrequency, but with 
less variation about the typical value than was observed with Argon. Similarly, the variation in 



observed k1  values was also smaller, which results in a more tightly clustered set of inferred v ii 
 values. For helium, we typically found: 

vll  - (1.1) ve  

All in all, the radially outward propagation of EIC waves seems to be consistent with all 
observations to date, and also to make sense of the observed spectrum of both co and k 1  values. 

The theory of drift waves, however, also seems to have something to contribute to our 
understanding of the observed spectra. For a perfectly symmetric plasma column, drift waves 
should be purely azimuthal, but even the slightly imperfect symmetry shown in our density profiles 
(see density profile figures), could give rise to the radial electric fields which we appear to be 
observing. Even more important, with our present set of probe tips (which were optimized, 
according to our thoughts at the time, to make fine distinctions in parallel structure), we are unable 
to determine with certainty whether we are observing radial propagation which would be 
characteristic of EIC waves, or very strongly sheared propagation in the azimuthal direction (that 
is, azimuthal propagation in which the rotation frequency of an annulus was strongly dependent on 
its radius), which would be characteristic of drift waves, or perhaps a combination of the two. The 
present probe tips were designed to be able to distinguish transverse propagation from axial 
propagation, but they were not designed to make the further distinction between radial and 
azimuthal propagation. The set of experiments herein proposed will dispose of this uncertainty, 
but at present this uncertainty is very real, particularly in light of the fact that the numerical values 
of the fastest growing drift modes for our tank geometry correspond so well to the modes we see. 
For example, from Schmidt we get: 

vd = ve  Re(-d/dxln n) 

for a plasma with a gradient in the x direction, where vd is the diamagnetic drift velicity, and R e  is 
the electron Larmour radius. Corrections due to the fact that our plasma geometry is cylindrical are 
unimportant here, as we are merely trying to estimate magnitudes, so we can use (-d/dx In n) tt 
0.5cm-1 , which may be obtained from the plot of (cVdr In n) which is given (see figure). As noted 
above, the temperature of the typical argon plasma is about 3.5 eV while the typical helium plasma 
runs about 4.2 eV; in the spirit of approximation, we may use the average of these quantities to get 
an average electron thermal velocity of v e  tt 8.2 x 10 5  m/s, and an average electron Larmour radius 
at 540G of Re  8.5 x 10-3  cm. All of this gives: 

vd 3.5 x 103  m/s 

Also from Schmidt, we find that the dispersion relation in the limit of small Ic ll  is approximately 
given by: 

ce°kl vd /a  

where a = 1 + cs2k2 ni2 . Schmidt goes on to point out that the fastest growing drift waves are 

characterized by a 3, which gives the phase velocity of the fastest growing modes in the 
neighborhood: 

w t k1  = 1.2 x 103  m/s 

which is, to within the expected accuracy of our approximations, in pretty good agreement with the 
observed perpendicular phase velocities: 

480 m/s (Argon) 
v 690 m/s (Helium) 



Of course, the degree of shear of the (azimuthal) drift waves would affect the apparent radial phase 
velocity observed by our probes, but the above arguments suffice to indicate that more work must 
be done, and in particular the radial components of the electric field, and also of the density 
gradient, must be seperated from the azimuthal components. This will also allow us to determine 
the radial shear of the azimuthal waves, provided azimuthal waves are found to be present. 

It is our tentative conclusion that both EIC and drift wave phenomena are present, and that mode 
conversion and/or some other non-linear interaction of these waves may be taking place. It is too 
great a coincidence to easily accept that we just happen to observe wave activity in the region of the 
intersection  of the sets of fastest growing mode parameters for EIC waves and drift waves. In 
similar circumstances, waves and/or instabilities with both drift and electrostatic ion cyclotron 
components interacting have been observed previously. Post and Rosenbluth, for example 
reported on the drift cyclotron loss-cone instability back in 1966, and Kando, Ikezawa, Sugai, and 
Kishimoto reported on ion cyclotron drift waves resulting from radial density gradients as recently 
as 1987. It is only speculation at this stage, but it seems likely at this stage that, in our 
experiments, drift waves may be growing up, saturating, and dumping their energy into EIC 
waves. This view is backed up by the observation, again from Schmidt, that for the fastest 
growing drift modes alluded to above, the growth rate is comparable to the real part of the 
frequency. This is very rapid growth. In our experiments, we see waves which grow up very 
quickly to a fairly stable amplitude. But while the amplitude may remain fairly constant overall, we 
do see evidence of strong steepening, and other non-linear features consistent with saturation. Yet 
if the waves are saturating, some other process must be removing energy from the waves, because 
the free energy source which provides the impetus for growth, the density gradient, is still present. 
It seems plausible at this stage of our investigation to suspect that EIC waves may be the 
mechanism by which energy is removed from the drift waves, and it may well be that they transfer 
the energy to the thermal electrons via Landau damping. If this is the case, then both EIC wave 
physics and drift wave physics would play roles in determining the structure of the transverse 
double lauyers we have observed. 

After receiving the very useful suggestion from Dr. Chang that I consider the possible role of EIC 
waves, and after doing the analysis given above, I discussed my data and tentative conclusions 
with Dr. Hudson. I was particularly interested in obtaining her opinion as to the possibility that 
drift waves, and perhaps even drift wave-EIC wave interactions, might play a role in auroral 
processes. Her response was encouraging; she informed me that very sharp density gradients 
perpendicular to B exist in the auroral acceleration region, and in the source regions of auroral 
kilometric radiation. She mentioned that Persoon (JGR. '88) took langmuir probe data at about 
1Re and found densities varying between one and a hundred per cc over a relatively short distance. 
Other evidence of this is provided by Poudellette (GRL:87). All of this is encouraging in that it 
indicates that the coupling we appear to be observing in the laboratory may play a role in the 
auroral acceleration region as well. 
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Radial Position 

Plasma potential (in volts) as a function of radial position (in cm). Data was taken in an argon 
plasma. The hollow boxes indicate measurements taken with the south source only. The solid 
boxes indicate measurements taken with both the north and south sources operating. The probe is 
swept through the plasma on an arc of radius 6.35 cm. As these data were taken with the West 
probe, the negative radial positions are above and to the left side of the plasma axis, while the 
positive positions are below and to the right. In each case the magnitude of the radial position is 
the actual radius. 
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Ion density (in units of 10 9  cm-3) as a function of radial position (in cm). Data was taken in an 
argon plasma. The hollow boxes indicate measurements taken with the south source only. The 
solid boxes indicate measurements taken with both the north and south sources operating. The 
probe is swept through the plasma on an arc of radius 6.35 cm. As these data were taken with the 
West probe, the negative radial positions are above and to the left side of the plasma axis, while the 
positive positions are below and to the right. In each case the magnitude of the radial position is 
the actual radius. 
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Derivitive of the logarithm of ion density with respect to radial position (in cm -1 ) as a function of 
radial position (in cm). Data was taken in an argon plasma. The hollow boxes indicate 
measurements taken with the south source only. The solid boxes indicate measurements taken 
with both the north and south sources operating. The probe is swept through the plasma on an arc 
of radius 6.35 cm. As these data were taken with the West probe, the negative radial positions are 
above and to the left side of the plasma axis, while the positive positions are below and to the right. 
In each case the magnitude of the radial position is the actual radius. 



Density and Electron Temperature Measurements 

While our primary experiments involved collecting data on the transverse double layers observed 
during double plasma experiments, and in establishing upper bounds on the magnitudes of any 
axial potential jumps which might be present, it was also necessary for us to establish values for 
the important parameters characterizing the plasma, the temperature and the density. 

Density profiles, and their changes with respect to time are, of course, part of the primary data on 
double layers, but as well as establishing the shapes and time variations of the profiles, it is 
necessary as well to establish an absolute calibration for the density. This is particularly true in a 
magnetized plasma, where particle collection techniques are notoriously difficult to directly 
interpret in absolute terms (see Hershkowitz). We calibrated our density measuring probe tips by 
comparing their ion saturation currents (at a range of voltages around -100y) with the resonance 
shift of a resonant cavity excited with microwaves well above both the plasma frequency and the 
electron cyclotron freqency; this is an established technique for measuring density in a magnetized 
plasma. This technique was repeated at a variety of plasma production powers, and a reasonably 
linear relationship between plasma density as determined by cavity resonance shift and probe ion 
saturation current was established. By linking the measurements from of our moveable ion 
collection probes to those from the well understood density measuring cavity (which is not 
moveable), we obtained a flexible probe system with good absolute calibration. 

For our temperature measurement, we started with the well established technique of measuring the 
ion acoustic speed both in the upstream and downstream directions, but we modified it with a twist 
which we believe to be original (as well as effective), and which we intend to publish in Review of 
Scientific Instruments. There are a number of difficulties in successfully employing the ion 
acoustic method; one of the most pernicious problems is that to get a strong enough ion acoustic 
signal to deal with, it is frequently necessary to use use drive voltages which are comparable to or 
even larger than the electron temperature. This causes a sloshing of the electron population, which 
in turn affects the propagation speed of the ion acoustic waves much as if the electron temperature 
had been raised. Consequently, the standard version of this technique frequently gives electron 
temperatures which are higher than the actual values. The twist we have given this technique is 
that we launch our waves my modulating our plasma production power. Since we launch our ion 
acoustic waves by amplitude modulating the electron cyclotron resonant heating power of our 
plasma sources, we avoid the problem of axial electron sloshing, and obtain accurate electron 
temperature information. By modulating first one source, and then the other, we launch waves 
first up the tank, and then down it. By multiplying the drive frequency by the average of the 
upstream and downstream wavelengths, we obtain the ion acoustic speed with respect to the 
plasma (see following figures), from which electron temperature is easily determined. Measuring 
both upstream and downstream propagation speeds not only enables us to correct for the effects of 
plasma drift, but it also enables us to accurately determine what the value of that drift is. Thus the 
net plasma drift becomes yet another parameter over which we may exert control. 
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Run 1427 Data Sheet 
!date = 04/25/1989 
!start time = 18:29: 11 
!Lock-In Reference frequency = 100000 
Can potential = gnd 
!Middle screen potential = gnd 
!Outer screen potential = gnd 
!Anvil screen potential = gnd 
!Copper plate potential = gnd 
!FLUKE: freq. = 1497 MHz, power = 3.0 dBm, mod. = 25% 
!Marconi: freq. = 747.5 MHz, power = -10 dBm, mod. = none% 
!Probe angle = 0 
!Gas = Rrgon 
!Start Drift: (A-B)/(A+B-2*0) = -.157383 , R and B - Off= -1.1963 V 
!End Drift: (R-B)/(R+B-2*0) = -.153416 , A and B - Off= -1.2022 V 
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Run #27.1 Data Sheet 
!date = 04/25/1989 
!start time = 19:00:37 
!Lock-In Reference frequency = 100000 
!Can potential = 0 
!Middle screen potential = 0 
!Outer screen potential = 0 
!Anvil screen potential = 0 
!Copper plate potential = 0 
!FLUKE: freq. = 1497 MHz, power = 3.0 dBm, mod. = none% 
!Marconi: freq. = 747.5 MHz, power = -10 dBm, mod. = 25% 
!Probe angle = 0 
!Gas = Argon 
!Start Drift: (A-B)/(A+B-2*0) = -.153369 , R and B - Off= -1.2606 V 
!End Drift: (R-B)/(A+B-2*0) = -.125942 , A and B - Off= -1.2206 V 
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Computational Determination of Ion Temperature 
The determination of the ion temperature in a plasma can be arrived at through the use of 

mathematical modeling using a computer. For instance, it its known that the rate of energy 
exchange between ions and electrons is governed by: 

a/0 

Va  (T 

where; 

a/0 	 -19 	 1 /2  2 2 
Va  = 1.8*10(ma - ms) Za  Z.p n D X p a  

(maT0-1- moTa )3/2  

and; 

1/2 	-3/2 
X a o 23 - In ( ne  Z Te  ) 

Through the knowledge of our electron temperature a True Basic program was written to solve for 
the ion temperature. All formulas were taken from D. L. Book, NRL Plasma Formulary, 1987. 

dra  



Data Narrative 

The following data plates are numbered to facilitate communication, but a few code word 
explanations should suffice to explain much straight out. KS or Kemp Sellen or V p  refer to 
plasma potential measurements taken with an emitting probe. Ion sat or Langmuir probe or LP 
refer to ion density measurements. In most (but not all) cases, only fluctuating quantities are 
shown; the dc values are considerably greater in general, and are represented on separate graphs 
which are also included. Plate 4 shows both fluctuating ion density, and a zero reference on the 
same graph. The magnitude of the KS fluctuations may be directly read in volts, and I will be glad 
to convert any of the ion sat plates from volts to cm -3 , if desired. Please note that the time per 
division is indicated in the lower right hand corner, and also in the box by each trace. When 
different times per division are indicated on the same plate, the values in the boxes must be 
observed. In the case of averaged quantities, the boxes will also indicate what is being averaged; 
ie. <1> 200 indicates that channel one has been averaged 200 times, and the result displayed. 
Hammer refers to the North source, which is pulsed and whose onset is indicated by the arrow on 
the bottom of the graph. Anvil refers to the South source, which is always on in these shots. The 
original plates are in color, which helps me to distinguish between multiple traces, and I will be 
glad to answer questions in cases of confusion as to the identity of traces on multiple trace plates. 

Many of the structures represented on these plates appear strongly non-linear, and most survive, at 
least in part, over many averages, indicating that the waves which grow up in response to the 
hammer fall have a significant part which is not stochastic. 

Plates 9 through 12 show a very interesting sequence of shots. In each of these, Memory D is 
displaying the same graph of a single shot of plasma potential versus time, while other single shots 
are shown for comparison in plates 9 throuth 11, and a 200 shot average is displayed in 12. Note 
that there is a delay of about 25 ps, after which a string of solitary waves of width about 25 j.is 
begins. That this is a string of solitary waves, and not just an ordinary wavelike oscillation is 
evidenced by the fact that the solitary waves may appear in a train, as in Mem D on all the plates, or 
singly as in plate 10, in pairs, as in plate 9, or even as an otherwise complete train with one tooth 
missing, as in plate 11. 

The plates from 20 on serve to show how little difference is made in the arrival time of the 
observed structures by a large (23 cm) axial seperation between probes. On the other hand, as little 
a radial difference as 1 cm results in an easily observable shift in arrival time. 

Note that in some of the plates, particularly in the less interesting plates (ie. those in which only 
gentle fluctuations, without steepening, are noted) the fluctuations in the ion density are mirror 
images of fluctuations in the plasma potential when the probes have a similar transverse location. 
This is characteristic of Drift waves (see Marden Marshal and Hall). This relationship appears not 
to depend on the relative axial location of the probes. Similarly, when both probes are used in ion 
saturation, the signals obtained are identical, to within the noise level (which is fairly low), 
provided that the transverse location of the probes is the same. Furthermore, even for the more 
interesting plates, for which the relationship between the ion density and plasma potential signals 
will generally be much more complicated, the difference between traces can be seen to be a 
continuous functiuon of the transverse separation between the probes, and that this function is 
monotically increasing with probe separation up to transverse separations of about 4cm. Again, 
this is all independent of the axial separation. For cases where both probes measure ion saturation, 
the signals between probes at the same transverse location are essentially identical, for both the 
interesting and mundane cases. Yet again, all accessible axial location appear to produce 
indistinguishable results. 

Plate designation #28 is the last of the first collection; this is followed by a shorter second 
collection from run #37, whose members bear the designations 51 to 57.This collection of shots 
shows some of the variety which may be obtained by looking at the same probes on different 
hammer pulses, but otherwise under very similar conditions. This collection consists of plates 
taken during a single run, and I have rearranged them to provide an increasing level of dissimilarity 
between the ion density and plasma potential traces. At the beginning of this collection we have 
fairly uninteresting shots which appear to show nothing but drift waves. As we progress through 
the collection, the East probe (which is of the Kemp-Sellen type, which measures plasma potential) 
begins to demonstrate more and more independence. In the third to last and second to last plates in 
this sequence, #55 & #56, the Kemp-Sellen probe shows respectively, a single peak, and a pair of 



peaks. Note that the ion density traces show little, if any, sign of this string of peaks which is so 
evident on the plasma potential traces. The last trace in this collection, #57, shows detail of a 
higher frequency wave which showed up on the plasma potential trace alone. Note that the record 
of the scope settings show that, in this last trace, time per division was expanded and sensitivity 
increased. This collection of plates strongly suggest that we have drift wave activity as a result of 
the universal density gradient instability during our normal operation, and that this activity is giving 
rise to some other type of acitvity with a different relationship between ion density and plasma 
potential fluctuations (because of the similarity of k1  values for nearly transverse EIC waves and 
drift waves at the observed frequencies, mode conversion between the two is a distinct possibility). 

In run #40, plates #101 to #104, we see a situation where there is much more of a direct correlation 
than the inverse corellation noted above (and ascribed to drift waves). The major difference here is 
that the data discussed above were taken near the center of the plasma column, while Run #40 
explored plasma behavior in the edge regions. Plate 40;23, ie. #101, is taken with the ion 
saturation probe near the bottom of the plasma column, and the plasma potential probe a 
centimenter closer to the center of the column (and more or less above the other probe). This plate 
shows some positive corelation between ion saturation and plasma potential. The other three these 
plates represent data taken with both probes near the bottom of the plasma column; here the 
corelation between the two signals is much stronger. In this configuration the probes overlap for 
about a centimeter, and thus are not precisely at the same transverse location, but they are 
sufficeintly close to show us not only direct corelations between plasma potential fluctuations and 
ion density fluctuations (as opposed to the inverse corelations noted above in data taken near the 
center of the plasma column), but also some very interesting potential and density structures. 

The first of these three plates, plate 40;25, #102, shows simultaneous abrupt drops in both the 
plasma potential (magnitude about 3V) and the ion density at about 550 is after the initiation of the 
hammer pulse (the event at 800 is should be ignored; it is merely the termination of the hammer 
pulse, which of course has a dramatic prompt effect on both density and plasma potential 
diagnostics). Plate 40;26, #103, shows a somewhat less abrupt drop in the ion saturation signal at 
the same time as 40;25, but in this case the drop in the in the plasma potential is delayed to around 
600 us, and is somewhat larger than before (a little over 4V). Plate 40;29, #104, tells a somewhat 
different story; in this case the poential and ion density drops begin at about 550 us, as before, but 
both recover to about their original values by about 600 us. Thus the structure shown in 40;29 
apears to be more of a soliton than a double layer. Note that both sensitivities have been changed 
between 40;25 and 40;29, and the potential trough is about 2.4V deep. This structure is 
reminescent of the theoretical work on ion holes done by Berman, Tetreault, and DuPree (see 
Ref.), and may represent such a structure in our strongly magnetized plasma. 

A group of shots showing a dramatic string of peaks is displayed in the plates labeled 9 - 12,back 
in the first collection, but in this group the corresponding ion density variation is not displayed. 
This group suggests strongly that the string of peaks do not constitute a single linear wave, but 
rather constitute a string of solitary waves. As well as the comparison trace consisting of five 
peaks which is displayed on all of the plates 9-12, plate 10 displays a trace with a single peak, plate 
9 displays a pair of consecutive peaks, and most telling of all, plate 11 displays a trace which has 
all of the expected peaks except the second, which is completely absent. Note that the spacing of 
the peaks is so nearly constant that the 200 shot average displayed on plate 12 shows a very 
coherent averaged signal. The signals in this sequence may well correspond to the lobes of a drift 
instability distorted plasma column whipping by, and the unusual strings might correspond to 
malformed fluted plasma columns. These plates were taken in a parameter regime where we 
intentionally accentuated our radial density gradient far above normal values, and these waves are 
almost certainly an exagerated version of drift waves. 

Last is presented a short third collection (partially redundant with the first), which is labeled in a 
self-explanatory way, for convenience, rather than being renumbered. 
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