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Abstract

We summarize progress in our analysis of proposed communication schemes for hypersonic ve-
hicles in flight. Investigations into the electron-acoustic wave (EAW) communication scheme have
yielded a dispersion analysis indicating that EAW modes can be generated and propagate in the
plasma layer [D. V. Rose et al., Voss Sci. Rep. No. VSL-0737, Nov. 2007]. These modes can be
coupled to electromagnetic waves at the plasma layer boundary for the assumption of a sharp den-
sity boundary. A detailed analysis of the wave transformation coefficients at this boundary layer
has been completed [D. V. Rose et al., Voss Sci. Rep. No. VSL-0832, Dec. 2008]. Here we report on
new particle-in-cell simulations of EAW generation and propagation in a two-temperature plasma.
The simulation model is being developed to test the stability and the transformation efficiencies of
the waves in plasma conditions anticipated for hypersonic vehicles in sustained upper atmospheric
flight. In addition, we summarize progress in our analysis of the ReComm scheme [M. Keidar et al.,
J. Spacecraft and Rockets 45, 445 (2008)], focusing on extending our previous 1D computational
model [C. Thoma and D. V. Rose, Voss Scientific Report No. VSL-0816, July 2008] to longer time

and length scales.
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I. INTRODUCTION

Hypersonic vehicles traveling in the upper atmosphere at speeds greater than Mach 10
(7,000 mph at 33 km altitude) generate plasma that disrupt or prevent communications over
conventional radio-frequency channels. This phenomenon manifests itself most famously as
the well-known communications “blackout” period during space vehicle reentry into the
atmosphere [1-3], and has been studied (off and on) since the Gemini and Apollo space
programs. For sustained hypersonic flight in the atmosphere, the communications blackout
will persist for almost the entire flight.

The plasma boundary layer is formed around a hypersonic vehicle in the bow shock and
to some extent by the collision of neutral gas particles with material ablated from the surface
of the hypersonic vehicle itself. In the shock, the air is heated to such a high temperature
that ionizing collisions between neutral particles occur. Estimates of electron density, n,
(~ 10" cm™3), temperature (~ 0.5 eV) and electron-neutral collision frequencies (2.5 x 10°—
42.5 x 10 s7!) have been obtained for high-Mach-number reentry vehicles at altitudes
between 100,000-150,000 ft (30-45 km) [4, 5]. The thickness of the plasma layer (defined as
the region where the electron density exceeds ~ 10% cm™3) associated with these parameters
is on the order of 6 cm, with 90% of the peak density out to a width of about 2 cm. The free
electrons in the plasma layer attenuate radio-frequency (RF) waves both through reflection
and resistive absorption, and generate RF noise. At sufficiently large antenna power levels,
the RF itself can cause further ionization of the air to occur.

Acceptably low attenuation of electromagnetic (EM) wave propagation in a collisionless
plasma is limited to frequencies above the cutoff value f. = wy/2m, where wy, is the electron
plasma frequency (see, for example, Ref. [6]). For n, = 10" cm™3, the f. ~ 10 GHz, which
is at the high end of the radio wave frequency spectrum and well into the conventional
microwave portion of the EM spectrum. In addition, this plasma cutoff frequency is above
the spectrum allocated (in some cases by international treaty) for flight test and evaluation
telemetry and above frequencies supported by existing infrastructure. We note that Global
Positioning System signals are broadcast in the L-band region of the spectrum, and con-
sequently are also heavily attenuated by the plasma sheath. As a result, communication
approaches within the standard telemetry spectrum are inadequate for hypersonic vehicles

using conventional techniques (see, for example, Refs. [6-9]).



A theoretical research program is underway to assess concepts for real-time telemetric
communications through plasma boundary layers surrounding hypersonic vehicles in flight.
This research includes detailed analytic analysis and computational modeling of several
proposed communication schemes. In our previous reports [10-14], we summarized our
research progress on four such schemes: a nonlinear three-wave interaction technique [15—
17], an electron-acoustic wave (EAW) propagation scheme, a magnetic window scheme for
EM wave propagation through a collisional plasma slab [12], and a whistler wave excitation
mode [11]. Here we summarize recent progress in our analysis of the EAW communication

scheme, Sec. II, and the ReComm scheme, Sec. III.

II. ELECTRON ACOUSTIC WAVE COMMUNICATION

One scheme for communication through a plasma sheath is based on the possibility of
propagating EAWs with frequencies well below the local plasma frequency (~ 9 GHz) in a
two-electron-temperature plasma. A small hot electron population is produced by injection
of an energetic electron beam. Over a certain range of wavelengths, the hot-electron com-
ponent of the plasma can short out the electric fields that produce plasma oscillations in
the cold plasma, thereby reducing the frequency of these oscillations below the cold plasma
frequency. It may be possible to excite these electrostatic oscillations with an antenna and
have them couple to electromagnetic RF oscillations outside the sheath. Related research
was carried out in the CHARGE 2B ionospheric rocket experiments [18-20]. For sustained
hypersonic flight, a comprehensive analysis is required to estimate the feasibility of this
concept.

Investigations into the EAW communication scheme have yielded a dispersion analysis
indicating that EAW modes can be generated and propagate in the plasma layer. Further-
more, we have demonstrated that these modes can be coupled to electromagnetic waves at
the plasma layer boundary for the assumption of a sharp density boundary. We presented
a detailed analytic analysis of the wave transformation coefficients at this boundary layer
in Ref. [11]. We have begun developing a numerical simulation model of EAW wave gen-
eration and propagation for testing the characteristics of these waves. Below we describe a
particle-in-cell (PIC) simulation model presently under development for analyzing the EAW

communication scheme.



A. Simulation model

The initial PIC simulations described here are highly idealized 1D representations of an
electron beam propagating through a two-temperature fully ionized, collisionless plasma.
The electron beam is the free energy source that drives unstable modes in the plasma,
including EAWs. In the near future, we will extend this model to 2D to include the effects
of electron-neutral collisions and finite plasma-sheath thickness to examine the coupling of
EM waves to EAWs for a variety of plasma profiles. We anticipate that these 2D simulations
will be large scale, so the 1D simulations presented here are a logical first step in the overall
analysis of the EAW communication scheme to test numerical constraints.

The 1D simulation model assumes a periodic system of length L, with a preformed plasma
and inter-penetrated electron beam. The electron beam has a small but finite thermal spread
T;, which is less than the beam speed v;,. The electron beam number density, n;, is smaller
than the background electron number density, n,. The background plasma is composed of

hot and cold electron populations with temperatures, T}, and T, and number densities,
np:nh+nc:ni—nb, (1)

where n; is the background ion density. For the initial simulations described here, we
assume a cold, neutralizing, immobile ion background population with charge state Z = 1.
Extension to a thermal ion background population does not affect the results of these short
time duration simulations but can be trivially included in future studies.

The LsP simulation code is used in 1D with the explicit EM field solver. We note that
these simulations can also be carried out in an electrostatic (ES) mode, but our goal is the
development of the general 2D model that includes both ES and EM wave propagation, and
therefore we carry out the 1D modeling using the EM field solver. These 1D simulations are
carried out in parallel on 4 to 16 processors and extension to 2D will likely require additional
Processors.

The simulations are initialized with 400 particles per species per grid cell to provide
good velocity space resolution of evolving particle energy distribution functions throughout.
We benchmarked our simulations against recent work by Q. Lu et al. [21] where similar
1D ES PIC simulations were carried out to test electron beam generated EAW dispersion
characteristics. Good agreement between our EM simulations and these previously published

ES simulations was found for all cases.



B. Sample simulation results

Our initial tests have focused on one of the parameter sets from our last report (e.g.,
case 1). We consider a two-temperature plasma with 7, = 1 eV, T}, = 20 eV, and number
densities n, = 8.6 x 10" em™ and n;, = 5 x 10*° cm™3

are T, = 0.1 eV, np = 9 x 10'° cm ™3, and v, = 0.0267¢, where c is the speed of light. The

. The electron beam parameters

background ion density n; is then 1 x 10*2 em™3. The simulation length L is 1.862 cm,
divided into 2048 equal size grid cells, giving a grid size of Az ~ 9.09 x 10~* cm. The

constraint on numerical grid heating [22]
Ax < TApe, (2)

where is defined as A\p, =~ 743 (Te/ne)1/2, is well satisfied for 7, > 1 and n, = 1 x 102 cm~3.
The time step for these explicit simulations is At ~ 2.97 x 107 s, which resolves the electron
plasma frequency

1
wpeAt < 5, (3)

where w, >~ 5.64 x 10 (ne)l/ % is the electron plasma frequency. This time step also resolves
the speed of light in vacuum across the individual cells.

The initial particle velocity distributions can be seen in Fig. 1a), which is a plot of the
x-v, phase space at t = 0. Only the first 1-cm of the simulation is shown to more clearly
illustrate the beam-plasma interaction. The beam electrons are shown in green, the hot
electrons are shown in red, and the cold electrons are shown in blue. The cold electrons
are plotted first in this figure, so over-plotting of the hot electrons largely obscures the cold
electrons. The small thermal spread of the beam electrons is clear when compared with the
hot electrons at ¢t = 0. The temporal evolution of the electron phase space grows initially
according the beam-plasma instability, which has a maximum unstable wavenumber given
approximately by

Wpe

kmax = ? 4
” (@)

which for our parameters is roughly k4, =~ 70 rad/cm, or 0.09 cm. At time wyt ~ 23
in frame (c), the electron beam has developed a sinusoidal modulation with wavelength of
about 0.08 cm, which is quite close the approximate calculation of the maximum unstable
wavenumber. In frames (d) through (f) of Fig. 1, the nonlinear phase of the beam-plasma

instability continues to grow, illustrating electron trapping which leads to the saturation of
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FIG. 1: Phase space plots of beam (green), hot plasma (red) and cold plasma (blue) electrons at

different times from a 1D PIC simulation of EAW generation.

the instability. After approximately wy.t ~ 100, the beam electrons have largely thermalized
with the hot and cold electron populations.

The late time stage of the beam-plasma interaction as modeled here is not exactly repre-
sentative of the hypersonic communication scheme, since the electron beam injected into the
plasma sheath will essentially pass through the 3-5 cm thick plasma sheath and propagate

away from the vehicle. Nevertheless, the 1D simulation provides a model for self-consistently
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FIG. 2: Logjp contours of |E;| as a function of time (wpt) and space (z) from the 1D PIC

simulation.

generating EAWs under a variety of ambient plasma conditions.

The generation of the EAWSs can be examined by plotting the electric field from the
simulations as a function of space and time. Figure 2 plots the magnitude of the electric
field in the simulation as a function of time (w,.t) and space (). From this data we examine
frequencies and wavelengths for EAW modes.

Figure 3 plots the Fourier transform of the total magnetic field energy as a function of
time in the simulation volume. The two dominant features of the frequency spectrum are the
electron plasma frequency (w, ~ 9 x 10> MHz) and the EAWs. From the EAW dispersion
analysis presented in [11], the real frequencies of the EAWSs are roughly centered around
weaw ~ 0.2w,. and over wavenumbers ranging from kAp, =~ 0.1 to 0.3 for these parameters.
The simulation presented here was only run out to about 250 plasma periods, which gives

only about 8 EAW periods.
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FIG. 3: Fourier transform of the total electric field energy in the simulation volume as a function

of time. The electron plasma frequency and the EAW regions are indicated.

III. ANALYSIS OF RECOMM SCHEME: CROSSED-FIELD DIODE

The ReComm scheme utilizes externally generated crossed electric and magnetic fields to
induce charged-particle drifts. This spatially redistributes the plasma and enables propaga-
tion of electromagnetic waves through the plasma layer. An electric field is applied across
a diode placed in the plasma sheath. In previous 1D simulations [14] we demonstrated that
the time required to significantly alter the plasma density profile in the diode corresponds
roughly to the ambipolar diffusion time. When a voltage is applied, the plasma center-of-
mass shifts from the center of the diode. But whether that shift is toward the cathode or
anode depends on the relative mobility of the plasma ions and electrons in the non-neutral
sheaths at the electrodes.

A simplified picture of the ReComm scheme can be seen in Fig. 4. The antenna aperture
is placed in between a pair of biased electrodes. An electromagnet provides a magnetic field
normal to the antenna aperture throughout the region between the electrodes. We have

considered the “plasma-optic” regime described by Keidar et al. [23] in which electrons are



magnetized and ions are unmagnetized. The separation distance between the plates, L, is
assumed to be large compared to the electron Larmor radius, but small with respect to the
ion Larmor radius. In this case, if E is the electrostatic field between the electrodes, the
electrons are line-tied and can only E x B drift parallel to the electrodes. In principle [23, 24],
this prevents the electrons from screening out the electric field in the bulk of the plasma
between the electrodes. The ions, being unmagnetized, are then accelerated ballistically
in the unscreened electric field. This simple description assumes that electrons and ions
are collisionless. If there is a finite collision frequency, the electrons can diffuse across field
lines. Similarly ion acceleration across the electrodes will be limited by ion collisionality.
Including both ion and electron collisionality in a 1D fluid theory analysis, Keidar et al. [23]
argue that a steady-state spatial distribution results in which the plasma density is reduced
near the cathode side. The amount of density reduction will be a function of the plasma
properties, electrode voltage, and magnetic field strength. The aperture of the antenna used
for communications would then be placed directly below the reduced density region, where
the plasma frequency will be lower. A communication frequency of 1 GHz corresponds to a
free-space wavelength of 30 cm. The antenna aperture will be on the order of the wavelength,
which means, as a rough estimate, we can assume that the electrode separation L must be
on the order of a meter.

In Keidar’s fluid theory analysis he neglects the time-variation in the continuity equations,
that is he considers timescales short compared to the ambipolar diffusion time, and finds a
steady-state solution by retaining convection in the ion momentum equation. In our PIC
simulations we have observed no signs of such a steady-state density reduction on short-
timescales. Rather we found that on very short (ion) timescales (¢ ~ w,;) non-neutral Debye
sheaths are established on the electrode boundaries. This is followed by diffusive effects
which occur on a relatively long ambi-polar diffusion timescale 7. Moreover we were able
to qualitatively explain the simulation density and potential profiles with a two-fluid model
in the diffusion approximation, neglecting ion convection.

The Lsp PIC simulations consist of a 1D grid with conductors at the boundaries. A
constant voltage difference (after a short temporal ramp) of V' is applied between the anode
(x = 0) and cathode (z = L). Table I shows the physical parameters used in what we will
refer to as the “baseline” ReComm simulation. The electron-collision frequency value used

in the baseline simulation corresponds to a value of v, ~ 0.02w,., which is in accord with
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FIG. 4: ReComm communication through plasma layer using applied electric and magnetic fields.

Adapted from Ref. [25].

estimates of the value in the hypersonic plasma sheath [6, 13]. Since we have not found any
experimental data or estimates for the ion-neutral collision frequency, we have chosen to set
Vin = Wy, Where w,,; is the ion plasma frequency. For an applied magnetic field of 2000 G,
Ven/Wee ~ 0.01. By contrast the ions are in the opposite regime: vy, /w. ~ 100. Since the
electron Larmor radius is 77, ~ 0.04 cm, the electrons will be line-tied at the nominal plate
separation of L = 1 cm.

By choosing a plate separation of 1 ¢cm, we can choose a cell size of Az = 0.04 cm,
which is on the order of the electron cyclotron radius, without requiring a prohibitively

large number of computational grid cells. Several hundred plasma particles per cell were
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Plate separation L (cm) 1.0
Applied voltage V (V) 100
Applied magnetic field B (G) 2000
Initial plasma density n (cm™3) |10
Initial Electron temperature T. (eV) ]10.0
Initial Ion temperature T; (eV) 0.1
Ion-neutral collision frequency Vin (ns™1)|0.066
Electron-neutral collision frequency|ve, (ns™')[0.329

TABLE I: Physical Parameters for the baseline 1D ReComm simulation. A spatially uniform singly

ionized Ar plasma is placed between plate electrodes.

used in these simulations to provide a good statistical representation of the electron and ion
energy distribution functions. A time step of At = 0.025 ns gives weAt ~ 2w, At ~ 0.9,
ensuring numerical stability. Simulations with a significantly larger time step would require
the use of implicit algorithms (Ref. [26]).

Figure 5 shows the results of a series of 1D simulations in which the electrode separation
L is varied. All other parameters are the same as those given in Table I. All the simulations
neglect the flow velocity of the plasma. In a hypersonic vehicle the flow velocity could be
as large as Mach 10, with a sound speed on the order of 300 m/s. For the ReComm scheme
to be useful in practical applications, the diffusion time 75 must be short compared to the
plasma fill time 757 = L/C;, where C; is the local sound speed. The fill time is just the time
required for a plasma moving at the flow velocity to fill the region between the electrodes.
If 7q)1 is not large compared to 7p plasma will flow into the electrode region faster than it
can be diffused away.

In Fig. 5 we plot the diffusion time as a function as a function of L. There are two
separate diffusion times plotted in the figure, which are calculated by the formulas:

Q(t) = Const x exp <_—t) ,
Tfit

Q(re) = Q(0)e™. ()

where Q(t) is the total ion charge in the simulation (neglecting plasma refill). The figure

shows that for small L, 7p scales roughly as L?, while at larger values of L the scaling is
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FIG. 5: Results from a series of 1D ReComm simulations. The simulation parameters are the same
as those given in Table I, except that the plate separation L is varied. Diffusion timescales 77 and

7. are plotted as a function of L.

closer to linear. Both the linear and quadratic fits are extended out to larger values of L in
the figure and are shown as dashed lines. The vertical black line indicates L = 1 m, which
is of the order of the desired plate separation, while the horizontal line shows the plasma fill
time for a Mach 10 plasma for the same separation. From the figure we see that even for
the more favorable linear scaling the diffusion time at L = 1 m exceeds the plasma fill time
by an order of magnitude.

We have also performed a series of simulations with varying values of applied voltage (see
Figure 8 of [14]). In this series of simulations we found (with a fixed value L = 1 c¢m) that
both 75 and 7, scale roughly as V1. If we assume that this scaling with voltage holds up
at larger values of L, we could obtain 7p < 7)) by increasing the voltage from the nominal
value of 100 V by two to three orders of magnitude.

In the future we plan to do simulations to demonstrate that the ReComm scheme can be
successfully employed at L ~ 1 m with a reasonable applied voltage . As mentioned above,
without converting to implicit algorithms these will be considerably longer simulations than

those previously performed with short values of L. We also re-emphasize our conclusion
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from Ref. [14] that the shape of the density profile depends on the values of electron and
ion collision frequencies compared to cyclotron frequencies. Ultimately, we will need more
accurate values of v, and v,, in the sheath to accurately predict density profiles.

If it is established that the ReComm scheme can be usefully employed in 1D, we would
like to go on to consider multidimensional effects. In the 1D simulations we have assumed
that the electric field throughout the plasma is only a function of = (see Fig. 4). This neglects
the effect of the finite electrode and plasma thicknesses as well as fringe fields and boundary
effects at the vehicle surface. For example, if the electrodes are placed below the surface of
the vehicle behind a dielectric radome, will the electric field penetrate a sufficient depth into
the plasma layer? Such multi-dimensional effects can be investigated by massively parallel
2-D Lsp simulations. We have also previously demonstrated [12] that the presence of a large
magnetic field alone can considerably increase the transparency of the plasma sheath even
in the absence of an applied voltage. It would be interesting to consider the combined effect

of the “magnetic window” and plasma redistribution due to crossed-fields.

IV. DISCUSSION AND SUMMARY

The analysis of the conversion between EM and EAWs has been carried out for a sharp
plasma boundary, and the results demonstrate reasonable power for the transmitted EM
waves. We are now developing an EM PIC simulation model to assess the generation and
propagation of the EAWs and their transformation to EM waves at the plasma-vacuum
interface.

Our initial analysis of the ReComm scheme [23, 27, 28], where applied electric and mag-
netic fields are used to open a frequency-space window for EM wave propagation through
the plasma sheath, is presented in Ref. [14]. We established that the ion distribution in
the cross-field dipole (in the plasma-optic regime) is altered significantly only on diffusion
timescales, for which 7 oc L7/V, where v ~ 1 — 2. For plasma parameters believed to be
consistent with the radio blackout regime, 7 is of the order of tens of us, when L on the
order of a few cm, and V' is on the order of 100 V. For a realistic ReComm device allowing
communication in the L-band of the radio spectrum, the diode length L would have to be
scaled up to something on the order of 1 m. The magnitude of the applied voltage V is,

of course, limited by practical considerations. The utility of the ReComm scheme depends
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upon being able to alter the plasma density profile on a timescale which is short compared
to the time it takes the hypersonically flowing plasma to pass by the diode.

We have shown that an ambipolar diffusion theory of the cross-field diode can describe
qualitatively the results of the simulation. However, plasma energy transport and charge
separation effects, neglected in the theory, play an important role in determining the details
of the plasma evolution. We have shown in our baseline simulation that ion temperatures
can reach values of several tens of eV on long timescales ¢t ~ 7. This suggests that Ohmic
heating of the plasma may lead to further ionization. To examine such effects would require
replacing the simple Drude collision model used in this report with a more realistic chemistry
model. Although it is probably more important to establish initially that 7 can be made
small enough for practical use.

Another concern is that the direction in which the plasma is shifted by the applied field
depends sensitively on the relative mobility of the electrons and ions. To determine the
relative mobility, it is necessary to have reliable information about the electron and ion
temperatures and collision frequencies in the sheath surrounding the vehicle. Our survey of
the literature suggests that the existence of this information is still incomplete.

We note that the ReComm scheme is based only on altering the local plasma density
in the vicinity of the antenna. To do this requires both an applied magnetic field and a
high voltage diode. Moreover the effect may occur only on prohibitively long timescales. By
contrast the magnetic window approach [29], which utilizes the magnet but does not require
the diode, does not require any slow bulk motion of the plasma, but instead alters the
transparency of the existing plasma to the RF signal. But the effectiveness of this alternate
scheme depends strongly on the plasma collisionality [13], which, as noted above, is not well
known.

In all communication scenarios under consideration, the computational models will be
extended to include, with increasing levels of complexity, realistic gas and plasma properties
associated with hypersonic flight [30-32]. The goal of this integrated theoretical analysis is
the formulation of “operational-windows” in which physical constraints associated with each
communication scheme can be parameterized. This analysis should significantly impact the

down-select of these schemes for eventual deployment on hypersonic vehicles.
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