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Abstract— The plasma trails of bright meteorites are known to
produce HF signals in the 3-300 MHz regime. We explore the
possibility that these signals are coherent or partially-coherent
Langmuir oscillations of an extended electron cloud along the
plasma tail, driven by the differential motion of fast-moving
charges through a uniform magnetic field.
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[. INTRODUCTION

Remote signals have been observed from meteorite plasma
wakes in the HF and VHF ranges [1-2]. This paper explores two
new factors which may help to understand the source of the
generation mechanism — wake coherence and the role of the
Earth’s magnetic field. We have calculated the magnitude of
these oscillations for a spatially extended, constant-velocity,
uniform-density plasma and find that it should be substantial.
The results are generalized to estimate the remote signal
associated with the CFD (computational fluid dynamic)
predicted plasma distribution behind a meteorite traversing the
upper atmosphere at high speeds. The proposed mechanism, the
coherent or partially-coherent, plasma oscillation of a long,
extended electron cloud, is a permitted mode of the system.

II.  ANALYSIS

The Earth’s magnetic field acts upon free electrons in a
plasma wake which travels behind the meteorite, driving
electron oscillations in the wake. We have calculated the
magnitude of these oscillations for a spatially extended,
constant-velocity, uniform-density plasma and find that it
should be substantial. The proposed mechanism — the coherent
or partially-coherent, plasma oscillation of a long, extended
electron cloud — is a permitted mode of the system.

A. Low Temperature and Plasma Density Limit

We first consider the limit of low temperature and plasma
density by solving the Lorentz equations:

rx”(t) = _er’(t) - wcryl(t) - wgrx(t) — OcVy wake (la)

ry”(t) = _Vryl(t) + wcrx’(t) - w;%ry (t) + WcVyx wake (lb)

for cyclotron frequency w, associated with the Earth’s magnetic
field perpendicular to the wake velocity 4. , €lectron
position 7;(t) relative to the wake, plasma frequency w,, and
collision frequency v .

Calculating the eigenvectors in the homogenous (V,qxe =
0) case, we obtain an exact solution for the inhomogeneous

case. We numerically verify the solution. A simple analytical
result emerges where the plasma frequency exceeds the
cyclotron frequency and the electron-electron and electron-ion
collision rates. In that scenario, the electron displacement
component 7, is given by:

ry(t) = %}2‘:"”‘3(1 — cos (wpyt)) . )

B. Moderate Temperature and Plasma Density

A thermalized, finite plasma with ion density n;(r,z) =
nO(G)(Z) —-0(z— L)) has been considered in one dimension
absent a magnetic field and shown to permit oscillations at the
Langmuir frequency. Electron displacements in the plasma
wake will be bound by the Debye length absent a source of quasi
non-neutrality.

Based upon a perturbative solution of the fluid flow
equations in three dimensions, one also may demonstrate that
coherent Langmuir oscillations are a permitted and contributing
mode of the system. For a cylindrical plasma in the low-
temperature and low-magnetic-field limit, for example, one
obtains collective oscillations like:

0(z + Az sin(wt) — L))
— 0(z + Azsin(wt))
(3a)

n.(r,z,t) = nO(G(r) —-0(r— R)) (

n;(r,z,t) = n.(r,z0), (3b)

where 0(z) is the Heaviside step function, as a test solution to
the fluid flow equations below:

ane

at +V: (neﬁe) = O» (43)
v-Ez:;O(ni—ne) (4b)
mn, (% + (¥, ﬁ)ﬁe) = —en,E, (4c)

where v, is the electron fluid velocity.

The application of a magnetic field to the treatment will
modify the shape and perturb the frequency of these existing
modes.

C. Signal Estimation

The remote field is calculated for a realistic, non-uniform
density plasma of arbitrary orientation. In the simple case of a
wake of length L and radius R oriented along the Z axis. with
current density components /o ; e P = n, 1/ (t) maxe " “P*
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and wavevector k = wy,/c , the vector potential from which we
derive the fields is given by:

UoJo,j cos 6

2mkcosf

) ikr
Aj(x,t) = e‘“"l"eT nR?sin(kL—).  (5)

The output power corresponds to the Larmor formula with
electron velocity based upon Equations (1-2) bound by the
Debye length, and is modified to account for spatial extent via
the geometric dependence that results from taking the curl of the
curl of Equation (5).

The sin? @ oscillatory antenna pattern narrows for kL > 1
due to interference, with maxima located perpendicular to the
current and the wake direction. The total output radiated power
Py, at long distances scales as g(kL) = Py;,/Pgipore for

(xcos(x)—sin (%) +x2 f;c sint(t)dt)

P = g2kL), g(x) =

Paip

. (6)

2x3

which reaches half-maximum at kL = 2.5 and falls off slowly
thereafter.

Leveraging steady-state CFD simulation data of the electron
density in a plasma wake due to a blunt object traveling through
the atmosphere, a magnitude and effective length is assigned to
each frequency band. Scaling the power output of each band
according to its geometry yields results like that of Figure 1. The
remote signal is found to be significant for coherent oscillations.
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Figure 1. Example scenarios: Remote signal-to-thermal-noise associated
with coherent plasma oscillations within a frequency bin or surface given a
blunt, meter-scale front traveling through the atmosphere at kilometers per

second. The receiver is 200 km away with 10 m? effective area.

The Mach number of the wake correlates with the peak
frequency and signal-to-thermal-noise ratios.

Additional terms and contributions are found to be
negligible, such as the remote field associated with a plasma tail
traversing a magnetic anomaly map.

III.

Further study is needed to investigate surface currents, to
incorporate the wake reflection of low frequency components,
and to assess the coherence of oscillations in a given frequency
bin. Possible coherence mechanisms are rapid ionization, or a
plasma bunching mechanism [3] due to the combined magnetic
and radiation field interaction. The effect of ‘dusty plasma’ has
not been included in the plasma analysis. Ablated particulates
and heavy neutrals in the plasma species typically increase
plasma lifetime and likely will serve to enhance the signal [4].

DISCUSSION

The plasma frequencies predicted by the CFD model and
predicted signals like that of Figure 1 correspond well to those
measured in meteorites in the HF and VHF. Photoelectrons play
a secondary role in the process [5]. One does not expect to see
significant signal in the VLF from either mechanism, which is
consistent with studies which show the previously observed
VLF signals were due to lightning and not meteorites [6].

Recent experimental results suggest that the HF signal
associated with meteorite wakes is in general isotropic [7]. This
would either suggest an alternative HF generation mechanism,
or may be consistent with the mechanism proposed here,
dominated by dipole-like contributions (i.e., effective lengths
below 2.5/k), off-lobe emissions, and/or oscillations from a
chemical product enhanced wake that are mostly incoherent.

IV. CONCLUSIONS

In this paper, we have suggested that meteorite HF emission
is due to coherent or partially-coherent Langmuir oscillations of
an extended electron cloud.

However, the coincidence of HF signal with persistent trains
— long-lasting, visible and/or infrared signals — suggests that
exothermic chemical reactions between atmospheric oxygen
play an essential role in the HF generation [2].

We would suggest that supra-thermal electrons and/or other
chemical byproducts associated with persistent train generation
enhance and/or contribute to coherent electron Langmuir
oscillations of the extended plasma tail, which are driven by the
differential motion of charges through a magnetic field.

ACKNOWLEDGMENT
Work funded by APL internal funds and NRL base fund.

REFERENCES

Obenberger, K.S., Taylor, G.B., Hartman, J.M., Dowell, J., Ellingson,
S.W., Helmboldt, J.F., Henning, P.A., Kavic, M., Schinzel, F.K.,
Simonetti, J.H. and Stovall, K., “Detection of radio emission from
fireballs,” The Astrophysical Journal Letters, 788(2), pp. L26. June 2014.

Obenberger, K.S., Holmes, J.M., Ard, S.G., Dowell, J., Shuman, N.S.,
Taylor, G.B., Varghese, S.S. and Viggiano, A.A., “Association between
meteor radio afterglows and optical persistent trains,” Journal of Geophy.
Research: Space Phys., 125(9), pp .€2020JA028053, Aug. 2020.

Sprangle, P., Tang, C.M. and Roberson, C.W., “Collective effects in the
free electron laser,” Nuclear Inst. and Methods in Phys. Res. Sect. A:
Acceler., Spectrometers, Det. and Assoc. Equip., 239(1), pp.1-18. 1985.

Estacio, B., Shohet, G., Young, S.A., Matthews, 1., Lee, N. and Close, S.,
“Dust and atmospheric influence on plasma properties observed in light
gas gun hypervelocity impact experiments,” Int. Journal of Impact
Engineering, 151, pp .103833. Feb. 2021.

Oppenheim, M.M. and Dimant, Y.S. “Photoelectron - induced waves: A
likely source of 150 km radar echoes and enhanced electron modes,”
Geophysical Research Letters, 43(8), pp.3637-3644. Apr 2016.

Sung, C. Y., P. Brown, and R. Marshall. "A two year survey for VLF
emission from fireballs," Planetary and Space Sc 184 (2020): 104872.
Varghese, S., et al. "Testing the radiation pattern of meteor radio
afterglow," J. of Geophy. Res.: Space Phys. 124.12: pp. 10749-59. 2019.
Tong, J., Li, H., Xu, B., Bai, L., Wu, S. and Shi, Y., “Inversion of electron
densities in plasma wakes of hypersonic targets,” Results in Physics, 61,
pp.107714. 2024.

Mathews, J. D., and F. T. Djuth, "Meteoroid flaring as a possible source

of intense Langmuir waves." 2017 XXXII Gen. Assembly and Scientific
Symp. of the Int. Union of Radio Science (URSI GASS), IEEE. 2017.

(2]

(4]

(5]

(6]
(7]
(8]

(9]

Distribution Statement A. Approved for public release. Distribution unlimited.

158



