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ABSTRACT 
 
As a vehicle reenters or flies at hypersonic speed through the atmosphere, the surrounding air is 
shock heated and becomes weakly ionized. The plasma layer thus formed causes a 
communication problem known as ‘radio blackout’. At sufficiently dense plasma conditions, the 
plasma layer either reflects or attenuates radio wave communications to and from the vehicle. In 
this paper, we propose an electromagnetic field configuration as a method to allow 
communication through the plasma layer. Theoretical models show that this may address the 
blackout problem under a range of conditions. Preliminary experimental results are also 
presented. 
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INTRODUCTION 
 

During reentry or hypersonic flight through the atmosphere, the air is compressed and heated by 
a shock wave which is formed in front of the vehicle. The shock heated air becomes weakly 
ionized and generates a plasma layer. This plasma layer has a negative effect on vehicle 
operation by obstructing radio wave communication. The electron density of the plasma layer is 
usually 1015 to 1019 m-3 and it is high enough to cause a communication problem that is called 
‘radio blackout’ [1]. The radio blackout problem is important due to the loss of voice 
communication and data telemetry during reentry of manned vehicles and the loss of GPS 
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navigation and electric countermeasures capability during reentry of military unmanned vehicles 
[2]. 
 
Radio blackout occurs when the frequency of the plasma around the reentry vehicle exceeds the 
frequency of the radio wave which is used in communication. In general, solutions to the radio 
blackout problem have two approaches, passive and active plasma control methods. Passive 
plasma control includes techniques such as changing the leading edge geometries. A sharp nosed 
reentry vehicle gives a much thinner plasma layer than a blunted nose reentry vehicle. However, 
a sharp nosed vehicle has a reduced payload capacity and aerodynamic performance and 
increased aerodynamic heating problems. Active plasma control approaches include techniques 
such as electrophilic injection, aerodynamic gas spikes, high frequency transmission and the 
application of electric and magnetic fields [2].  
 
Magnetic field effects during reentry were studied in the context of MHD flow control [3] [4]. 
However the effectiveness of a magnetic field for electron density reduction in a reentry plasma 
layer has not been studied in detail. When an ExB field is applied near the antenna, it will 
accelerate the plasma and the plasma density will decrease to satisfy the mass conservation in the 
plasma. The radio waves can then propagate through the ‘window’ in the plasma thus created. 
Detailed knowledge of the plasma density distribution across the ExB field is necessary to 
optimize the field configuration and create the strongest possible electron density reduction in 
the plasma layer. 
 
This paper is contains two main parts, which involve simulation modeling and experimental 
study. In the simulation part, an electromagnetic field configuration is proposed as a method to 
allow communication through the plasma layer. Two different simulation approaches are applied, 
one each for the plasma-optic and magneto-hydro-dynamic (MHD) regimes. Three different 
altitude conditions are studied that set different initial plasma density conditions for the ExB 
layer simulations.  
 
In the second part, we describe an experimental set up which will be used to provide validation 
of the plasma mitigation technique. A configurable engineering model of the system 
(electromagnet and electrodes) was constructed around an antenna embedded in a mica sheet 
(simulating a vehicle body). A helicon plasma source is used to create a high-density plasma 
over this model. Langmuir probe measurements and network analyzer measurements between 
the embedded antenna and an external antenna provide proof that this technique of plasma 
density reduction is effective. 
 
 

PLASMA-OPTIC REGIME 
 
As the first approach, we consider the plasma-optic regime (i.e. a partially magnetized plasma) in 
which the electrons are magnetized but the ions are unmagnetized. The ions are accelerated in 
the electric field and thus the plasma density decreases.  
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Figure 1. Schematic diagram of an ExB layer.  

 
The plasma acceleration across the ExB layer is similar to that in a Hall-effect thruster. 
Schematically the magnetic layer is shown in Fig. 1. The magnetic field traps the electrons 
preventing them from shielding the ions from the applied electric field. The electric field 
accelerates the ions past the antenna, reducing the plasma density over the antenna. A simplified 
one-dimensional hydrodynamic model of the magnetized layer is developed based on an existing 
Hall thruster model5, 6 as follows: 
 
 0  (1) 
   (2) 
 0   (3) 
 
where,  is the ion collision frequency, and  is the electron collision frequency 
 
 The hydrodynamic model is simplified using the following assumptions: 
 

• The ExB layer is quasi-neutral 
• The neutrals are at rest 
• There is no ionization in ExB layer 
• Te (electron temperature) is constant 
• The magnetic field only has an X component, B=Bx 

 
The resting neutral assumption gives a maximized ion-neutral drag effect. It is also assumed that 
the system reaches a steady state and the electron component is not inertial. In this case, we are 
interested in density, velocity and potential variation in the z-direction. As shown at the Fig. 1, 
the ExB drift is in the y-direction. The electron velocity in the ExB direction is  
 
  (4) 

 
where,  is the electron cyclotron frequency and  is the hall parameter  



4 

Using the definition of the current density and the electron conductivity, a generalized Ohm’s 
law for this particular case can be obtained. Thus the electric field across the ExB layer can be 
calculated. 
 
    (5) 
 
The system of equations (1), (2) and (5) is used to describe the plasma flow across the 
magnetized regime. The ExB layer configuration leads to an electron drift in the ExB direction 
and provides plasma quasi-neutrality across the layer. Thus a significant electric field can be 
maintained across the magnetic field. The electric field causes ion acceleration leading to the 
plasma density decrease. The initial plasma density and neutral density conditions for several 
altitude conditions are listed in Table 17, 8, 9. 
 

Altitude [km] Plasma density [m-3] Neutral density [m-3] 
81 km 1018 1021 
61 km 1019 1022 
41 km 1021 1024 

 

Table 1. Initial plasma and neutral density conditions for several altitude conditions 
 
Figure 2 shows results for the plasma-optic regime at three different altitude conditions. In the 
relatively low plasma density condition, i.e. at 81 km, the plasma-optic regime gives a 
remarkable reduction in the plasma density. On the other hand, one can see that at relatively 
dense plasma conditions, the plasma-optic regime does not give any significant density reduction. 
For this case (41 km), even the 0.5T magnetic field condition gives only a trivial plasma density 
reduction. Therefore, another approach for plasma mitigation is required at dense plasma 
conditions.  

 
Figure 2. Plasma density reduction ratio for three different altitudes (at a current density of 300A/m2) 
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Current density is another parameter that can effect the plasma density reduction. A high current 
density gives a significant plasma density reduction but also requires a high voltage across the 
ExB field. In a practical situation, instead of the current density, we control the voltage drop 
across the ExB layer, which in turn effects the current density. The voltage drop across the ExB 
layer might be limited by technical issues, weight or other considerations. Such limitations 
would impose restrictions on the maximum current density allowed.  

 
Figure 3. Plasma density reduction for several current densities at 81 km 

 
 

MHD REGIME 
 
In dense plasma condition, plasma density reduction is still possible but a higher magnetic field 
is required, as one can see from the results of the plasma-optic regime. In this case, ion-neutral 
coupling becomes very important, such that the ions must be considered magnetized. This is 
called the MHD (magneto-hydrodynamics) regime. In this regime, a hydrodynamics model with 
magnetized ions is applicable. 
 
In this regime, it is assumed that the ion velocity and electron velocity are the same, because the 
current density in the y-direction is small enough to be negligible in comparison with the current 
density in the z-direction. Under this assumption, the electron collision term can be neglected. 
Figure 4 shows how two different directions were applied for each regime. The MHD regime is 
applied along the y-direction, so it is assumed that the plasma only has variation along the y-
direction. 

 
Figure 4. Schematics for two different regimes: Plasma-optic and MHD regimes 



6 

Comparison between Figs. 2 and 5 indicates that the MHD model predicts nearly the same result 
as the plasma optic approximation at the high altitude conditions. It also points out the fact that 
the plasma-optic regime does not provide effective plasma density reduction at low altitude 
conditions but the MHD regime predicts a much stronger plasma density reduction in the low 
altitude case. This fact tells us that the collision term becomes important at low altitudes and the 
JxB drift is an effective way to achieve plasma density reduction at low altitude conditions.  

 
Figure 5. The plasma density reduction ratio for three different altitudes (500A/m2) in the MHD regime 

 
In the MHD regime, current density is the parameter that most affects the plasma density 
reduction. Figure 6 shows the fact that one can produce a significant plasma density reduction at 
41 km when the current density is high enough. This fact yields a possibility of addressing the 
radio blackout problem at low altitude conditions. 

 
Figure 6. The plasma density reduction for several current densities in the 41 km MHD regime 

 
The interelectrode length is another parameter for addressing the blackout problem. A longer 
interelectrode length gives more significant plasma density reduction but there may be 
limitations imposed by the system geometry. Long interelectrode lengths and high current 
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densities lead to the highest potential drop. But technically, the maximum potential drop is 
limited. With these considerations, we introduce the solution map for the MHD regime at 41 km 
as shown in Figure 7. This solution map proposes possible current density and interelectrode 
length ranges for a reasonable solution with significant plasma density reduction. 
 

 
Figure 7. The solution map for 41km MHD regime 

 
 

EXPERIMENTAL STUDY 
 
In addition, we are developing an experimental setup to provide validation of the plasma 
mitigation technique based on the ExB layer. A configurable engineering model of the system 
(electromagnet and electrodes) was constructed around an antenna embedded in a mica sheet 
(simulating a vehicle body). The ReComm electromagnet is mounted below the sheet, and the 
electrodes on the surface surrounding the antenna. A helicon plasma source is used to create a 
high-density plasma over this model. Langmuir probe and network analyzer measurements 
between the embedded antenna and an external antenna will provide proof that this technique of 
plasma density reduction is effective, as well as detailed measurements of the level of reduction 
provided. Figure 8 below shows a diagram of the setup. This setup is designed to be easily 
reconfigured to optimize electrode shape, magnetic field levels, and other parameters as the 
concept is optimized. The chamber is designed to simulate a range of plasma and neutral 
densities representing a range of altitudes. 
 

 
Figure 8. Diagram of experimental setup including network analyzer and Langmuir probe diagnostics. 
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The Langmuir probe is mounted on a set of translation stages, allowing full characterization of 
the area of effect, including increasing distance from the spacecraft body (the maximum effective 
range of the mitigation effect from the spacecraft is a key question). With the mitigation system 
active, a decrease in plasma density and an increase in plasma potential will be directly measured 
by the Langmuir probe- a Hiden ESPION series RF compensated for 13.56 MHz, the operational 
frequency of the plasma source. 
 
As of this writing, the system is undergoing initial calibration operation. The following figure 
shows initial reduction data at low field strengths (pending RF tolerance upgrades to the power 
supplies to eliminate interference issues with the plasma source). The pressure was held constant 
at 80 mTorr and the RF power to the plasma was set to 250 W. The data below shows sweeps 
taken with the plasma source only, with plasma plus the ReComm magnetic field at 50 Gauss, 
and finally with plasma and both the magnetic field and 100 Volts on the electrodes. 
 

 
Figure 9. Langmuir Probe Sweeps Measuring the ReComm Effect. 

 
For a cylindrical probe, the ion saturation current is related to plasma density by the following 
relationship. 
 

 2
/

  (6) 

 
where Vp is the plasma potential, rp and lp are the probe radius and length, e is the ion charge, Mi 
is the ion mass, V is the voltage on the probe, and ni is the ion density. Equation (6) is only valid 
in the ion saturation current region. 
 
As can be seen from the plot, the ion saturation current, which is directly proportional to density, 
is reduced slightly when the magnetic field is applied and is further reduced when the electrodes 
are turned on. Additional calibration will be required to fully eliminate magnetic and electric 
field effect biases from the Langmuir Probe measurements, which is why we focus on the ion 
saturation regime for these calculations rather than the electron collection regime to the right. At 
these magnetic field strengths we are confident that the ions are not significantly effected, though 
this will have to be revisited as we increase the magnetic field.  
 
The ion density change due to the ReComm effect can be calculated by taking the ratio of the ion 
saturation current with electrodes and magnetic field on to the ion current with just the magnetic 
field at a given voltage.  The data shows a reduction of plasma density by approximately 50%. 
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This is with relatively low voltage and magnetic fields. A significantly stronger effect is 
expected at the full field strength. 
 
The zoomed in plot to the right in the figure above shows a scaled up version of the ion 
saturation region of the Langmuir probe sweeps with an additional sweep with -100 V between 
the electrodes, but no magnetic field. As can be seen, bias on the electrodes without a magnetic 
field does not appear to affect the plasma density. This illustrates the importance of the magnetic 
field- the electrons form a sheath around the electrodes, shielding their effect and preventing ion 
acceleration- unless there is a magnetic field to trap electrons and prevent this sheath formation. 
 

 
Figure 10. Measurement of Density Reductions versus Magnetic Field 

 
Figure 10 shows the measured density reduction as the magnetic field is increased.  The density 
reduction was calculated by taking the ratio of the ion saturation currents with and without -100 
V on the electrodes with the magnetic field on for both measurements.  The density labels in the 
legend are with the ReComm system turned off.  As can be seen from the plot, the density 
reduction increases to a point with increasing field strength, but then begins to decrease as the 
magnetic field continues to go up.  Also the magnetic field corresponding to the minimum point 
is increasing as density is increased.  Work is currently in progress to interpret and improve on 
these results, part of which will be recalibration of the Langmuir probe data to compensate for 
magnetic field effects. 
 
Work continues to calibrate the system and push it to more challenging environments. Future 
plans include higher neutral and plasma densities, and lower communication frequencies. 
Conditions simulating 80 km and higher should be obtainable without difficulty. It is not 
anticipated that we will be able to experimentally replicate conditions of 40 km or lower. 
Measuring and optimizing performance through a variety of environments will accomplish many 
objectives. This will allow the validation of the model results, thus lending strength to the 
modeling and simulation results outside of the range of parameters which can be obtained by 
experiment. It will suggest which improvements to the system will be most valuable in 
increasing performance. Finally it will guide the development of a flight system design. 
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CONCLUSION 
 
It was proposed that the application of electric and magnetic fields could lead to a significant 
reduction of the plasma density surrounding a hypersonic vehicle allowing radio communication 
through a hypersonic plasma layer. Specifically, an ExB field configuration was proposed and 
has been studied. Two regimes of ExB layer were considered, namely the plasma-optic and 
MHD limits. Both regimes suggest that significant plasma density reduction is possible at high 
altitude conditions. At low altitude conditions, only the MHD regime yields a sufficient plasma 
density reduction to make it possible to address the blackout problem. 
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