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Abstract 
In the many technical appliances for plasma physics, it is important to monitor the plasma properties. 

One of those properties is the electron density. In this report the measurement of the electron density 

of a cold, magnetized Argon plasma with an interferometer is treated. These measurements were 

compared to Langmuir probe measurements to test the reliability. 

However, at some settings, unexpected phase shift fluctuations were observed. So the interferometer 

calibration has been used to quantify the settings at which these fluctuations were observed.  

Measurements were done in an electron density range of                   . The magnetic 

field was varied from       to     .  

The observance of fluctuations in the setup turned out to be strongly dependant on the time the setup 

had been heated. Also, the fluctuations were observed in density regions where left and right circular 

polarized waves behaved different, as well as where dips in the refractive index could be observed if the 

angle in the Appleton-Hartree equation is taken into account.  
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1. Introduction 
In the development of reactors for nuclear fusion, it is very important to understand and monitor the 

properties of the plasma inside such a reactor. One of those properties is the plasma’s electron density. 

To measure the electron density of a plasma, there are different methods. One of the easiest ways to do 

so is a probe measurement. However, a probe will not withstand the very high temperature plasmas 

used in nuclear fusion. Moreover, a probe perturbs the plasma and therefore interferes with its own 

measurement. An alternative for probe measurement is to use interferometry. By sending an 

electromagnetic wave through the plasma and measuring its phase shift, it is possible to calculate the 

plasma’s refractive index. After doing so, and by identifying the propagation mode of the wave using the 

Appleton-Hartree equation (1 p. 109), the electron density can be calculated. This method is currently 

being used in the ‘waves in plasma’ setup, in the Eindhoven University of Technology’s plasmalab. Also, 

interferometric measurements have already been compared with measurements made with a Langmuir 

probe. (2) (3) However, in those measurements some strange fluctuations were observed at certain 

settings. Those fluctuations could not be explained, using models for wave propagation in a plasma. In 

this report the settings causing fluctuations will be quantified in order to find whether those fluctuations 

are caused by a physical phenomenon, or by problems in our setup.   
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2. Problems 
In this section, the problem stated in the introduction will be explained in more detail. Also, some 

hypotheses will be introduced. The experiments and results to test these hypotheses can be found later 

on in this report. 

The problem treated in this report is the occurrence of phase fluctuations. When measuring the phase 

shift of a 1.2969 GHz wave, caused by a change in refractive index (as will be explained in section 3), at 

some settings strange fluctuations occurred. Those fluctuations are being shown in figure 1. 

 

Figure 1: The occurrence of phase fluctuations in the received signal (cyan), compared to a reference (yellow). 

These fluctuations only happen at certain settings for the magnetic field and the electron density. 

However, the exact settings at which they occur are not known. Apart from quantifying these settings, a 

goal for this experiment is to test some hypotheses which could explain the fluctuations. In the 

remainder of this section these hypotheses will be treated. 

2.1 Circular polarization 

One explanation could be the fact that for wave propagation parallel to the magnetic field (which is, 

almost, the case in our experiment), the wave splits in a left circular and a right circular polarized wave. 

These different waves differ in their relationship between electron density and refractive index (see 

section 3.1). Therefore, it could be that two different refractive indexes and therefore two different 

phase shifts are measured at the same electron density. In fact, in some measurements we do see 

something that looks like a split. See figure 2. 

However, if the polarization split is the only cause of ‘fluctuations’, you would expect to see two 

different phase signals, but no in-between waves! So we still need to find out where those come from. 

One cause of those intermediate waves could be fluctuations in the cathode emission and therefore in 

the electron density. When the electron density fluctuates, the phase shift fluctuates as well. Whether 

this could be the cause of the observed fluctuations, will be treated in section 5.3.  
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Figure 2: At certain settings, the measurement signal seems to split up in two different signals. This particular pattern was 
observed at B= 0.055T and ne= (5.7±0.5)*10

16
 m

-3
  

 

In that section, experiments will be conducted to see if the density range in which fluctuations happen, 

corresponds with the range in which the respective polarizations should be treated differently. As well 

as, if the fluctuations are stronger in density ranges where the phase shift increases more rapid.  

 

2.2 Non-parallel propagation 

Also, it should be taken into account that the wave propagation is not fully parallel. If we take the angle 

into account in equation 4, a small ‘well’ will occur in a refractive index-density plot. At the edges of this 

well a small density fluctuation can result in a significant change in refractive index.  

Whether this might be the case can also be found by taking a close look at the electron density range in 

which our problems occur. 

Also, because the antennas are placed outside the plasma, problems can arise at the plasma-vacuum 

interface. To see whether this is the case and to assure that we have parallel propagation, the antennae 

could be placed inside the plasma. 

2.3 Errors in the electronic components 

Also, because the received signal has to travel through a whole lot of electronic components, it is 

possible that the fluctuations on the signal are being caused by problems in those components. Things 

like aliasing (4) and internal reflection should be looked into. This will be treated more thoroughly in 

section 5.4. 

2.4 Signals from plasma and environment 

Of course an obvious source of errors could be environmental noise. It might seem a big coincidence for 

those signals to be in the same order of magnitude as the receiver signal. However, we know that the 
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plasma frequency is within 50% of the transmitter frequency. Also if a look is taken at ‘environmental’ 

frequencies, it is known that GSM operates with frequencies in the same order of magnitude. (5) 

However, because the receiver antenna is placed within a metal vessel, this is not expected to have any 

influence. 

Even so, an experiment will be done in which we will decouple transmitter antenna monitor the receiver 

signal. More about this can be read in section 5.5.  

2.5 Waveguide theory 

One thing that should be looked at as well, is waveguide theory. The wavelength used in the 

interferometer is such that it does not fit inside the vacuum vessel. Only when a plasma forms, wave 

propagation is possible. At the point where the wave will just fit inside the vessel, even a small 

fluctuation in density, will have a huge effect on the signal measured in the interferometer. Therefore, it 

will be good to know what the refractive index of the plasma needs to be, for the wave to fit inside the 

tube. And also, this information will help us determine what range of the Appleton-Hartree equation 

(see section 3.1) is relevant in our experiment. However, because it is hard to calculate cut-off 

frequencies in a magnetized plasma waveguide by hand, a simulation has to be made (Appendix C). 
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3. Theory 
 

3.1 Wave propagation and the Appleton-Hartree equation 

A varying electric or magnetic field causes a field of the other kind. Electromagnetic disturbances caused 

by such time-varying fields will have the properties of a wave. Therefore, the term electromagnetic 

wave is being used. In the 1860’s James Clerk Maxwell developed the principles of electromagnetic wave 

propagation. These principles are expressed in his famous Maxwell equations.  

From the Maxwell equations it can be derived that the speed of electromagnetic wave propagation 

depends on the medium the wave travels through. Whereas the speed is equal to c≈3*108 in a vacuum, 

in a medium it will be less than c, according to the following relation: 

    
 

     
 1)  

Where    is the medium’s electric permittivity and    is the magnetic permeability.  Also the medium’s 

refractive index depends on those parameters, as can be seen in equation 2: 

   
 

 
       2)  

In this report an interferometer will be used to calculate a cold magnetized plasma’s refractive index. In 

our interferometer, as will be explained in section 3.2, equation 3 holds with respect to the refractive 

index. 

     
    

   
 3)  

 

Now we turn to the determination of the electron density in a cold magnetized plasma. In this case the 

so called ‘Appleton-Hartree equation’ (1 p. 109) can be used: 

 
     

       

    
 
  

         
 
  

                      

 
4)  

 

Where    
  

 

        
  

  
   

 

   is the angle between the wave propagation and the magnetic field  

     
   

 

    
 , is the electron plasma frequency 

  is the angular wave frequency 

  is the electron charge 
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  is the magnetic field magnitude 

   is the electron mass 

   is the electric permittivity of vacuum 

And   is the plasma’s electron density. 

Because in the ‘waves in plasma’ experiment the electromagnetic waves propagate (almost) parallel to 

the magnetic field ( ≈0) . Equation 4 can be simplified to: 

      
 

   
 5)  

 

So, because we know the angular wave frequency, electron charge and mass, the magnetic field 

magnitude and the electric permittivity of vacuum, it is possible to determine the electron density from 

the plasma’s refractive index. This is exactly what we want to do with the interferometer. 

One thing that should be highlighted as well is the ± -sign in equation 5. In the case of parallel 

propagation this sign indicates the difference between left and right hand polarization. Whereas minus 

indicates right hand polarization, plus is associated with left hand polarization. To obtain more insight in 

equation 5, the refractive index has been plotted as a function of the electron density in figure 3. 

 

Figure 3: N as a function of ne in the case of parallel propagation. In this plot the magnetic field is assumed as being constant 
with a value of B= 52mT 

However, the transmitter and receiver antenna are not positioned exactly in line with the magnetic field 

(see figure 6). Therefore a small angle   occurs. Whether this angle has an impact on our experimental 
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results will be treated in section 5.3. In theory, by using equation 4 with        and assuming 

       over the width of the beam, figure 3 changes to figure 4. 

 

Figure 4: N as a function of ne, using equation 4 with       and       .  

As long as         (when         the denominator becomes zero at some point), which is certainly 

the case in our experiment, the Appleton-Hartree equation looks similar to figure 4, varying only in 

depth of the ‘well’.   
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3.2 Interferometry  

One of the methods to measure the electron density in a plasma is by using interferometry. In 

interferometry two coherent beams are allowed to interfere. The intensity then observed, depends on 

whether the beams are interfering constructively or destructively, and therefore it depends on the 

difference in phase. 

What happens in the ‘waves in plasma’ experiment is easiest to explain by comparing the experiment 

with a Mach-Zender interferometer (figure 5). 

 

Figure 5: Principle of the Mach-Zender interferometer (1 p. 114) 

What happens in a Mach-Zender interferometer is the following. An incoming beam is being split. One 

part travels through the sample, in this case the plasma, while the other part travels through vacuum. 

After having travelled the same distance, both beams are reunited. Now, because the plasma has a 

different refractive index, the two beams have a different optical path length and therefore differ in 

phase. How much the phase differs, can be derived from the following equation (6): 

    
   

 
         6)  

Where d is the distance travelled through the plasma, λ is the used wavelength and N2 and N1 are the 

refractive indexes of the plasma and vacuum. So N1 is equal to 1 in this equation. By replacing  λ with 
   

 
 and N1 with 1, this equation can be rewritten to equation 3.  

However, the setup used in this experiment is not totally identical to the Mach-Zender interferometer. 

In the ‘waves in plasma’ setup, instead of splitting a beam, two separate measurements are being done: 

one in vacuum, one in plasma. Both measurements will be compared to the same reference. The one in 

vacuum was especially tricky, as will be explained in section 5.2. 
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3.3 Langmuir probe 

An alternative to using interferometers for density measurements is the use of a Langmuir probe. In this 

experiment the Langmuir probe is being used to do reference measurements (see section 5.1).  

A (single) Langmuir probe works by putting an electrode in the plasma and applying a bias voltage, with 

respect to the wall of the vacuum vessel, over the electrode. By varying this potential and monitoring 

the current, an I-V characteristic can be made. From this characteristic things like the ion and electron 

saturation current and 
 

    
  can be subtracted. The details on how to subtract useful information from 

this characteristic can be found in an article by David Pace (7)   

Now, using the following equation, which is given in (7) as well, it is possible to calculate the electron 

density. 

    
     

          
 
  

 
    

    
 7)  

Where Isat+ is the ion saturation current, Ap is the probe surface area, mion is the ion mass of Argon and Te 

is the electron temperature.  

However, this theory does not fully hold in magnetized plasmas, such as the one we are working with. In 

a magnetized plasma the situation becomes a lot more complex, up to the point that there is no 

consistent theory available yet, that fully explains the reduced electron current collected by the probe. 

But there are theories that approximate said reduction and of those, Bohm’s theory (8) is the most 

widely used. 

Using this theory, a reduction factor   can be found (9). This changes the ratio between electron and ion 

saturation current from: 

 
      

       
  

    

  
 8)  

to: 

      

       
  

    

         
  9)  

 

Where    
   

     
      

    

  
 
 

  , with    the probe radius,      is the electron’s mean free path 

and    
   

 

 
 
    
  

  
. 

Now, this factor   seems to have an influence on the ion saturation current and therefore, according to 

equation 7 on the electron density measured with the probe. However, according to an article by T. 

Dote (10), the ion saturation current hardly changes. It is the electron saturation current that has to be 
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multiplied with  .  

Another question is whether the derivation of equation 7 still holds in a magnetic field. From an article 

by S. Myoshi (11)it follows that it does not. However, the measured electron density only begins to 

differ significantly at large magnetic fields (about 0.1 T). At the magnetic fields of maximum 0.06T we 

work with, the magnetic field’s influence on the electron density can be neglected.  

Therefore, equation 7 still suffices to calculate the electron density in our magnetized plasma.  
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3.4 Waveguide theory 

As already mentioned in section 3.2, it was impossible to do direct interferometer measurements in 

vacuum with this setup. In practice no signal reached the receiver antenna in the case that no plasma 

was present in the vessel. This fact can be explained with waveguide theory.  

In fact, when no plasma has formed yet, the vacuum vessel acts as a hollow cylindrical waveguide. 

Hollow waveguides are extensively used to transport microwave frequencies in prescribed directions. 

Basically they work because the metal wall does not conduct the microwaves as well as the air or 

vacuum inside the cylinder does. Therefore, the waves get reflected of the wall and get ‘locked in’ inside 

the tube. Of course this can all be deduced from Maxwell’s equations (12). 

From those equations it also follows that depending on the size and shape of a waveguide, some 

frequencies cannot propagate in said waveguide. This is the case for all frequencies below the so-called 

cut-off frequency. In a hollow cylindrical waveguide the cut-off frequency can be calculated as follows. 

(13) 

      
 

   

 

 
  10)  

 

 Where c is the speed of light, r is the tube’s radius (40.0mm), N is the refractive index of the tube’s 

filling and Q is a constant, depending on the kind of wave you are interested in. If we look at the table 

with values for Q (14 p. 4), we see that for the lowest mode to propagate (TE11),        , so in 

vacuum                . However, the frequency transmitted is only           . Therefore there 

will be no wave propagation in the vessel as long as there is no plasma. 

One thing that should be mentioned is that the values for Q (14 p. 4) do not hold in a permanent 

magnetic field. However, the magnetic field has no effect on the TM modes and even raises      for the 

TE modes (15). So indeed there will be no wave propagation in vacuum. 

In order to try and find the exact conditions in which the waves could start to propagate, a model was 

made (Appendix C). However, in this model the magnetic field and the fact that we are dealing with a 

plasma here, are not taken into account. Especially the fact that we are working in a plasma, could 

rigorously change the boundary conditions and therefore the cut-off frequency. Problem is, that it is 

hard to calculate the solution to this new boundary condition by hand. An idea for further research is to 

implement the magnetic field and plasma boundary conditions in the model in Appendix C. 
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4. Experimental Setup 
The ‘waves in plasma setup’ is based on a magnetically confined Penning discharge, inside a vacuum 

vessel. To create and maintain the argon plasma inside the tube, the following setup is being used 

(figure 6). 

 

Figure 6: The waves in plasma setup (16) 

At the bottom a LaB6 cathode, containing a thermal electron gun, is being heated by a filament current, 

thereby generating free electrons. Because both cathodes are at a negative potential, those electrons 

are being accelerated towards the grounded vessel wall. However, most electrons are being contained 

in the vessel because of the axial magnetic field, generated by the coil wrapped around the vessel. The 

magnetic field is being generated by sending a current through the coil. Previous measurements (17) 

have shown that the magnetic field is related to the current by 

       11)  
Where                
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The whole vessel is being kept at low pressure (≈10-6 bar) by a vacuum pump (not shown in figure 6). 

To measure the electron density of the plasma the technique of interferometry is being used (see 

section 3.2) Therefore a 1.296 GHz transmitter antenna (Tx) and a receiver antenna (Rx) are being placed 

inside the vacuum vessel. In order to execute probe measurements as well, a Langmuir probe (see 

section 3.3) was placed inside the vessel as well. This probe is not shown in figure 6, but it was inserted 

at the same height as Rx. The probe was placed in such a way, that it’s tip could be moved to the exact 

center of the tube, bij using a 17.5 mm spacer. 

In order to make a proper phase shift measurement, the signal received by Rx has to be adjusted. This is 

being done by the components shown in figure 7. (18)  

In the experiment only the L antenna was being used. Originally the two antennas were made to 

measure the different polarizations. In practice however, this did not work. The main problem in making 

two different circular polarized antennas is size. The circular receiver which is easiest to produce is a 

helix antenna (19). However such a receiver has to have a minimum length of 
 

 
 . Because in our case 

         , such an antenna would be way too big to fit inside our vessel. Of course, there are other 

circular receivers, but I have to leave it to my successor to look further into that. 

For more detail about all the components used in the interferometer and mentioned in figure 7, see (20) 

In the experiment the reference and ‘measurement signal L’ were attached to the oscilloscope. In that 

way the phase shift could be watched real time. Also the ‘phase signal L’ was attached to a computer. 

The phase sensitive detector gives a high output when reference and the measured signal are in phase, 

while it gives a low output when both are out of phase. This is especially useful when the phase change 

happens so quickly that it is hard to monitor with the naked eye (which is what happens at the moment 

a plasma is formed in the vacuum vessel). The computer then monitors the high and low signals in such 

a way that every phase shift of 360 degrees is represented by a complete sine. This will be used to 

determine the total phase shift in the experiment. 
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Figure 7: The electronic components used to transmit and receive the electromagnetic waves in the setup. Mixers, lowpass 
filters and an 1152MHz oscillator are being used to cut down the reference and received frequency to a level the phase 
detector and scope can cope with.  
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5. Results and interpretation 
 

5.1 Beam current calibration 

In order to find a relationship between settings like magnetic field and electron density, and the 

occurrence of fluctuations in the interferometer, the setup had to be calibrated. Most of this calibration 

has been done in previous research (2) (3). However in the beam current calibration, using an 

interferometer with a Langmuir probe as a reference, some obvious errors could be found in previous 

work. Therefore, in this experiment probe measurements were related to interferometer measurements 

once again. In those measurements the beam current through the plasma was related to the density. 

Because the beam current is something that can be registered real time, this is a way to extract the 

electron density real time. 

The calibration graph is being shown in figure 8 . The way those points were measured is being 

explained in Appendix A and Appendix B. 

 

 

Figure 8: The electron density as a function of the beam current, using both Langmuir probe and interferometer. At lower 
beam currents the plasma was just appearing, making it impossible for the transmitted wave to fit inside the vessel.  

As can be seen in the figure, the interferometer measurement fit was less than 10% different from the 

fitted probe measurements in this experiment’s range. The relation between beam current and electron 

density used further in this report, is the average of both linear fits.  
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5.2 Defining the phase shift in vacuum 

As already told in section 3.2, it is necessary to determine the interferometer’s phase shift in vacuum. 

However, because of phenomena following from the waveguide theory (section 3.5), it is not possible to 

receive a signal in our setup when no plasma is present. Therefore the phase shift in vacuum had to be 

determined with a different approach.  

From equation 3 it follows that there is a linear relation between the refractive index and the measured 

phase shift. So in this part of the experiment, the Langmuir probe was used to measure the electron 

density at different beam currents. Afterwards, the refractive index was calculated, using equation 5. 

Using equation 3 this refractive index could be used to calculate the corresponding phase shift. After 

measuring a couple of different points a      plot could be made. Because it is known that the 

refractive index in vacuum corresponds with    ,  a linear fit could be used to subtract the 

corresponding phase shift. This is shown in figure 9. 

 

Figure 9: The phase shift (in radians) as a function of the refractive index. The refractive index was calculated from the 
electron density, which was measured with a Langmuir probe. 

From figure 9 it follows that at    , the phase shift is:                             . So 

from all interferometer measurements, we should subtract            from the shift with respect to 

the reference.  

This method has one problem: it uses the Langmuir probe to calibrate the interferometer, while in 

section 5.1 we compare those two. In fact, their offset is therefore related through the measurements 

treated in this section. To overcome this problem a left circular polarized antenna could be build, to 

measure where N goes to zero, as an extra reference point. 
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5.3 Quantification of variables during fluctuations 

One of the goals for this experiment was to quantify the settings at which the phase fluctuations appear. 

This turned out to be more difficult than expected. This was mainly due to the fact that it was hard to 

reproduce the measurements. The density spectrum in which the fluctuations were observed turned out 

to be different in different measurements. This had to be explained first, before the density spectrum 

could be determined. 

A remarkable thing about this problem was the fact that over time, the range of densities in which the 

fluctuations occurred became smaller. So after the experiment ran for some time, less fluctuations were 

observed. This can be seen in table 1. 

Table 1: The electron density ranges in which fluctuations occurred, measured at different values of B, and with different 
cathode heating times. “>7” means there were still fluctuations to be observed at the biggest density the setup can reach. A 
“–“ sign means there were no fluctuations to be observed.  

Magnetic 

field  

(mT) 

Electron density range 

fluctuations, short (≈min) 

heating time 

(*1016 m-3) 

Electron density range 

fluctuations, medium (≈30min) 

heating time 

(*1016 m-3) 

Electron density range 

fluctuations, long 

(≈120min) heating time 

 (*1016 m-3) 

48 1.4-2.2 1.3-3.5 - 

50 1.7-3.8 1.0-2.0 - 

52 2.3.-3.2 1.3-1.8 - 

54 3.9- >7.5 0.9-2.1 - 

56 2.0- >7.5 0.9-2.1 6.2-7.3 

58 2.0- >7.5 0.9-3.4 4.6-6.5 

60 1.2- >7.5 0.9-6.5 4.0-6.0 

 

The values mentioned in table 1 indicate that the setup heating time has a strong influence on the 

occurrence of fluctuations. This could be explained by the fact that the cathode electron emission 

becomes more stable when it has been heated for a longer time (21). So with short heating times, the 

fluctuations in the number of emitted electrons are higher. 

This fact could explain why fluctuations in electron density occur, but not why they depend on the 

magnetic field, or the electron density itself. To explain this, we will try to relate the fact that the 

electron emission is not stable, to the ranges of magnetic field and electron density in which we observe 

fluctuations. 

In order to do so, the hypotheses from section 2.1 and section 2.2 will be compared with the values 

found in table 1. This will be treated in sections 5.3.1 and 5.3.2. 

Before doing so, two things should be mentioned. First of all, the terms ‘short, medium and long’ 

heating time are not very specific. Unfortunately, the cathode heating time was not tracked very 
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carefully. This is because in the initial experiment we did not think this time was of much importance. 

When we figured it was however, the setup broke down and no new reliable experiments could be 

conducted. In further research it would be good to track the heating time or the cathode temperature 

more careful. Also it could be that not just the temperature of the cathode, but the temperature of the 

whole vessel has an influence on wave propagation. This would be more in line with the magnitudes of 

heating times observed in table 1. So it would be good to monitor the vessel temperature as well. 

The second thing that strikes the eye in table 1, is the fact that the density ranges in which fluctuations 

occur after different cathode heating times, do not fully overlap. From the fact that the cathode 

emission becomes more stable, you would expect the fluctuation range to become smaller. However, 

the range is not expected to shift. This is a strange observation, but it could be explained by the fact that 

table 1 is based on only one measurement and therefore could have a large deviation. Again, it would be 

good to repeat this measurement a couple of times, as soon as the setup is stable again.  

5.3.1 Circular polarization 

To see whether the split in left and right circular polarized waves could be the cause for fluctuations, the 

electron density ranges in which fluctuations occur were projected on the Appleton-Hartree equation, 

for different values of the magnetic field. An example is shown in figure 10. 

 

Figure 10: The Appleton-Hartree equation plotted for B= 60 mT, with the density ranges where fluctuations occurred after 
short (red) medium (purple) and long (yellow) cathode heating time. The right edge of the red square is uncertain, because 
the setup cannot produce any higher densities.  

As can be seen, the fluctuations in all three cases do occur in the region where the left circular 

polarization splits off from the right circular polarization. So it is indeed plausible that we measure 
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effects from this split off, like in figure2.  

However, the fact that in all three cases we still measured fluctuations after the left circular polarization 

disappears and the fact that at some settings in long heating time no fluctuations were observed at all, 

already indicate that the polarization is not the sole cause of fluctuations. Those fluctuations seem to 

come from instabilities in the cathode. If that is the case, it is expected that the steeper the Appleton-

Hartree plot is, the stronger the fluctuations, because a small fluctuation in the electron emission in the 

cathode, triggers a stronger change in refractive index and therefore a bigger phase shift. So the width 

of phase fluctuations becomes bigger at the same density fluctuation. However, it is expected that 

fluctuations in cathode emission are much slower than the fluctuations observed. In further research it 

would be good to compare those timescales. 

But, in most settings in table 1, we see that there is a specific region in which phase fluctuations occur. 

Whereas if the severity of those fluctuations depended only on how steep the Appleton-Hartree plot is, 

we would expect the fluctuations to keep on increasing with increasing electron density.  

Now, in the yellow area the increment in left hand polarization is bigger than the right hand polarization 

gets in the range of our setup, so it could be that the explanation is to be found there. But then again, 

because those results are based on a single measurement, no definite conclusion can be drawn. 

Also, it could be that problems occur in the region where N goes to zero for the left hand polarization. 

This means that v goes to ∞ at that point (equation 2), which could be picked up at the receiver 

antenna. However, not all measurements in table 1 do report fluctuations in the density range in which 

the left circular polarization gets zero. So again it would be interesting to repeat the measurements in 

table 1.  

5.3.2 Non-parallel propagation 

Another possible explanation for the fluctuations is the fact that the waves in the setup do not travel 

exactly parallel to the magnetic field. In fact, an angle of (13±2)° is present between transmitter and 

receiver. Now if we plot equation 4 again, but now with      , figure 10 changes to figure 11. 
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Figure 11: The Appleton-Hartree equation plotted for B= 60 mT, Θ=13°, with the density ranges where fluctuations occurred 
after short (red) medium (purple) and long (yellow) cathode heating time. The right edge of the red square is uncertain, 
because the setup cannot produce any higher densities. In this plot the magnetic field variation over the width of the vessel, 
has been neglected. 

The plot in figure 11 differs mainly from figure 10 by the dip at                . In this dip, the 

refractive index increment is high and can therefore, in combination with the instable cathode emission, 

cause phase fluctuations. 

Also if we take a closer look at some of the interferometer measurements, a similar dip can be observed 
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as an unexpected phase shift. See figure 12. 

 

Figure 12: The unexpected jump in phase shift, indicated by the red square. A calculation shows that the jump occurs at 

                      and decreases the refractive index with               

This jump causes a decrease in refractive index, comparable in magnitude to the one seen in figure 11. 

However, it is not found at the electron density suggested by figure 11. Although it is found in the yellow 

region, where even after a long heating time, fluctuations were observed. So what can be seen in figure 

12 seems like a density fluctuation, but no conclusive answer can be given as to whether this is being 

caused by non-parallel propagation, left and right circular polarization, or something else.  
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5.4 Errors in the electronic components 

One thing that catches the eye in the ‘waves in plasma’ experiment, is the fact that even before a 

plasma is formed, a small signal pops up on the oscilloscope. Because this signal can even be measured 

if the receiver antenna is not attached (see figure 13), the hypothesis was that said signal is being 

caused by errors in the electronics shown in figure 7.  

 

Figure 13: The signal measured on the ‘measurement signal L’ port, without the receiver antenna attached (cyan). The 
reference signal is being shown in blue.  

Even if the whole panel with electronics was moved to the other side of the room, the signal in figure 13 

was still visible. So it can be concluded that this signal has nothing to do with the setup itself or the 

surroundings it’s placed in. It seems to come from the electronics.  

What catches the eye as well is that the measurement signal has a mean frequency of 144.3 MHz. This is 

close to the frequency that arouses from mixing the 1296.9MHz reference signal and the 1152MHz 

oscillator. In this process, which takes place in order to create frequencies the oscilloscope can cope 

with, the reference is being mixed down to a 144.9MHz signal.  

The measurement signal in figure 13 also caused a phase signal which is shown in figure 14 

The phase signal measured, seems to be caused by mixing the ‘noise’ from the measurement port, with 

the reference. In figure 14 we can see that the phase signal rises when reference and measurement are 

both high or both low, while it decreases when one is high and the other is low.   

Another thing that was observed is being shown in figure 15. There is a rise in amplitude of the 

measurement signal, when we attach the phase signal cable to the TU/eDacs A-D convertor. Instead of 

7mV it becomes 35mV. So TU/eDacs seems to contribute to internal reflections. 



26 
 

  

Figure 14: The signals measured with the receiver antenna detached. Blue is the reference, cyan the measurement signal and 
magenta the phase signal. 

 

Figure 15: The measurement signal (cyan) when the phase signal cable was attached to TU/eDacs (like in the real 
experiment). 

So, in conclusion: a small signal with a frequency which agrees with the frequency caused by mixing the 

reference with the build-in oscillator, somehow reaches the measurement ports. Because this signal 

becomes about five times stronger when the phase signal cable is attached to an A-D convertor, it 

seems that the signal observed on the measurement port, comes from an internal reflection in this 

phase signal port. This signal also has its influence on the phase signal and therefore on our actual 

experiment. However, the measurement signal caused this way is very small compared with the signal 
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measured in the actual experiment (35mV versus  1V ). So the reflections in the electronic components 

will not have any influence on our actual experiment. This does not cause the fluctuations.  

Also aliasing could play a role in causing the fluctuations observed. To check this, the electronics, 

including the oscilloscope, were moved to a simpler setup. In this setup the plasma was replaced with a 

glass plate. (3 p. 16) In this setup, the reflections mentioned above were still observed, however there 

were no phase fluctuations. Therefore it can be concluded that nor aliasing, nor internal reflections 

cause the phase fluctuations.  
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5.5 Signals created by the plasma and/or environment 

Another hypothesis was that, at certain settings, signals created by the plasma or its environment would 

be registered in the receiver antenna. The way to test this hypothesis was quite simple: create a plasma 

and regulate the settings in such a way that fluctuations can be seen on the oscilloscope. At that 

moment, unplug the transmitter antenna and see what happens to the signal received. If any 

environmental noise is present, it will still show on the oscilloscope. If not, the fluctuations come from 

other processes, rather than from the environment. The result of this part of the experiment is shown in 

figure 16. 

 

Figure 16: The received signal at the measurement port (cyan), when the transmit antenna was unplugged while a plasma at 
‘fluctuation settings’ (B=52mT, ne= 4.2*10

16
 m

-3
) was in place in the vessel. 

So, if we compare figure 16 with figure 15 it can be concluded that the presence of a plasma actually 

increases the measurement signal. Also the signal becomes less clear. So it seems that the plasma 

causes some extra noise, which the electronic components mix with the reference signal, to result in 

figure 16. However this signal is still less than 10% of the receiver signal and therefore it cannot be said 

to be responsible for the fluctuations in our receiver signal. 
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6. Summary and discussion 
In this report the fluctuations in the received phase signal of the interferometer in ‘waves in plasma’ 

were treated. In order to do so first interferometer measurements were compared with probe 

measurements. When put in a density-beamcurrent plot, the probe and the interferometer differed 

maximum 10% on the density range of this experiment. Both linear fits had about the same deviation, so 

the average of both plots was used to correlate beam current to electron density.  

This correlation was needed to quantify the electron density at which phase fluctuations occurred. Also 

a correlation with the magnetic field was sought for. With this information two hypotheses were 

checked on plausibility.  

One was the fact that in (almost) parallel propagation through a magnetic field, an electromagnetic 

wave splits up in a right circular and left circular polarized wave. Both have different behavior at the 

same electron density, therefore they can be recorded as two different phase shifts. It was found to be 

possible that a split in two receiver waves can be caused by this effect. But more ‘chaotic’ fluctuations, 

which were observed as well, do not seem to come from this effect alone. However, the fast decrease in 

refractive index of the left hand polarized wave at some point, might, in combination with cathode 

emission fluctuations, explain the fluctuations. Anyhow, it would be good to repeat the experiment with 

two receiver antennae: one for left circular polarization and one for right circular polarization. Also, it 

should be checked whether the timescales of cathode emission fluctuations can match with the 

fluctuations observed. Moreover, the fact that v goes to ∞ at the point where left circular polarization N 

goes to zero, could have an effect. A way to test this hypothesis is to keep your density constant and 

vary the magnetic field to see when fluctuations start to occur. This should be done for multiple density 

settings around the left hand cut-off density. 

Then, another way to test whether the split in polarizations could be the cause, is to measure the width 

of phase fluctuations on the scope and see whether this    corresponds with a    between left and 

right circular polarization at that density. 

Also, the fact that the wave propagation is not exactly parallel to the magnetic field was looked into. 

This effect created a ‘dip’ in the refractive index-electron density plot. This dip could, again in 

combination with the fluctuations in electron emission in the cathode, explain the presence of phase 

fluctuations. But, because there are not enough reliable measurements, we cannot be sure whether the 

range in which phase fluctuations occur, overlaps with this dip. 

In both checks the setup temperature, and therefore the heating time seemed to have a significant 

effect. Unfortunately this time was not measured well. Later experiments in which the time was 

recorded, failed because of hardware problems. So another suggestion for further research is to repeat 

this experiment, while precisely recording the setup and, especially, the cathode temperature. 

Also, two of the previous theories depend on parts where the Appleton-Hartree plot increases rapidly, 

so the emission fluctuations have a big enough influence on the phase. To check whether these theories 

are plausible, a setup could be build to go to higher electron densities. There the refractive index 

increases rapidly as well, so we should observe the same or even worse fluctuations in this range. 

Moreover, some other hypotheses were tested. For example the electronic components of the 

interferometer were analyzed.  It turned out that some small fluctuations were caused by the electronic 

components. However, those were only about 10% of the amplitude of our receiver signal. Also, it is 
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fairly plausible that the fluctuations will disappear once a plasma is formed and the interferometer 

starts to work properly. This was also the case for noise caused by the environment.  

Finally a look was taken at the startup point, at which the plasma forms. In the determination of this 

point, waveguide theory plays an important role. It seems that waveguide theory might play a role in 

startup fluctuations. But to confirm this, the waveguide simulation has to be improved. Also such a 

simulation could throw a light on what refractive indexes of the plasma can and cannot be measured. 
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7. Conclusion 
In this report we tested possible causes for phase shift fluctuations in the ‘waves in plasma’ experiment. 

It has been ruled out that the fluctuations were caused by either the electronic components or the 

environment. 

A correlation has been found between the setup heating time and the amount of fluctuations. The 

longer the setup was heated, the fewer fluctuations were observed. Also it was found that the electron 

density range in which fluctuations occur corresponds to the region in which left and right circular 

polarization differ the most in refractive index behavior, as well as where the left circular polarization 

becomes zero. Also the fluctuations were found in the region where the Appleton-Hartree equation with 

a 12 degree angle has a ‘well’ in refractive index. So it has been made plausible that the fluctuations are 

caused by a combination of setup stability, as a consequence of the heating time, and ‘sensitive regions’ 

in the Appleton-Hartree equation, caused either by the polarization split, or the applied angle between 

transmitter and receiver. 

Still, we can say that the interferometer is a useful tool to measure the electron density in a non-

intrusive way. It has been shown that the interferometer works and that its results are compatible with 

Langmuir probe measurements. Also, by using the computer for the measurements, the phase 

fluctuation problem on the oscilloscope can be avoided.  
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Appendix A: Probe measurements 
In this section, more will be told about the interpretation and further calculation of the probe 

measurements. What we actually measured with the single Langmuir probe was the ion/electron 

current as a function of an applied bias voltage. An example of such a graph is shown in figure 17. 

 

Figure 17: Typical shape of an I-V measurement executed with a single Langmuir probe. 

Now, from theory (7) it is known that the value this graph converges to with negative voltage is known 

as the ion saturation current. This value we subtract from the plot, to ultimately use in equation 7. Now, 

as is explained in section 3.3, we still need to know a value for 
 

    
  . In order to do so, we first subtract 

      from all values in figure 17 and then plot              logarithmic. The result is shown in figure 

18 . 
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Figure 18:                  as a function of the bias voltage. The red line is a fit through the linear part of the plot. As can 

be found in Vanhemel (3), equation 22, the slope of this fit corresponds to 
 

    
. 

From theory that has been summarized by Vanhemel (3) before me, it follows that the slope of this 

plot’s linear part, corresponds to 
 

    
.  

So if the ion saturation current has been subtracted from figure 17 and the slope of figure 18 has been 

determined, we can use equation 7 to calculate the electron density in the plasma.   



36 
 

Appendix B: Interferometer measurements 
In this appendix, more will be told about the measurements with the interferometer and the way they 

were interpreted.  

A problem in earlier research on the ‘waves in plasma’ setup, was the fact that at the moment the 

plasma forms, you start receiving a signal (see section 3.4) and a very sudden phase shift takes place. 

Because in a short amount of time both the amplitude and the phase of the received signal change 

rapidly, it is very hard to monitor this shift on the oscilloscope. Therefore, the phase sensitive detector 

was introduced (see section 4). This detector gives a high output when reference and measurement are 

in phase and a low signal when they are out of phase.  So a whole sine represents a phase shift of 360 

degrees.  

With the TU/eDacs Nanogiant, it was possible to sample this phase signal at a frequency of 100Hz. An 

example of such a measurement is given in figure 19. 

 

Figure 19: The phase signal as a function of the beam current through the plasma. Every full sine represents a phase shift of 
360 degrees.  

From the example above it can be deduced that for instance, a beam current of 11 mA corresponds with 

a phase shift    of 622 degrees. Now, using equation 3 and 4, it is possible to calculate the electron 

density from this information. In practice we used multiple plots like the one in figure 19, and calculated 

the electron density from the average phase shift. 
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Appendix C: Waveguide model in CST microwave studio  
Because it is very hard to calculate the behavior of a plasma waveguide in a permanent magnetic field, 

an attempt was made to simulate the experiment in CST microwave studio. At the beginning this 

seemed promising and the results achieved for an empty waveguide were the ones predicted in section 

3.4. The model and cut-off frequency for TE11 are shown in figure 20. 

 

Figure 20: Simulation of a vacuum waveguide. The TE11 cut-off frequency of 4.3921 GHz exactly matches the theory. 

 

However, it turned out to be quite a task to implement a permanent magnetic field, let alone plasma 

properties in the model. Unfortunately there was not enough time to find out how to fix this. But it 

would be nice to do so in any further research. 


