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•  The	 Ionosphere	 controls	 the	 performance	 of	
cri<cal	 DoD	 &	 civilian	 systems	 [Communica<ons	
range,	 radar,	 naviga<on,	 Geo-loca<on	 accuracy,	
etc]	

•  DoD/civilian	 ac<ve	 research	 using	 tradi<onal	
ionospheric	heaters	provided	new	capabili<es	and	
applica<ons	 that	 allow	 control/exploita<on	 of	
triggered	 processes	 (Virtual	 antennas	 in	 space,	
ar<ficial	clouds,	irregularity	control,…)	

•  The	 low	 power	 of	 tradi<onal	 heaters	 resulted	 in	
large	 arrays	 and	 ac<ve	 elements,	 with	 complex	
and	costly	controls	leading	to	fixed	installa<ons	

•  Fixed	loca<ons	are	associated	with	fixed	magne<c	
geometry	 limi<ng	 the	 scope	 of	 the	 research	
investment	
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•  U<lize	 new	 concepts	 of	 metamaterials	 ac<ve	 nonlinear	 materials	 operated	 at	
high	power	microwave	(HPM)	devices	 	to	replace	the	current	large	collec<on	of	
sources	used	in	tradi<onal	heaters	with	a	single,	mobile,	and	cheap	high-power	
amplifier	at	the	required	HF	frequencies	

•  Mobile	 inexpensive	 sources	 will	 revolu<onize	 the	 science	 and	 opera<ons	 of	
ionospheric	modifica<on	

The	Challenge	

•  Assemble	 team	 of	 physicist	 and	 engineers	 from	 space	 science	 ,	 ionospheric	
modifica<on	(IM),	plasma	modeling	and	HPM	to	re-examine	the	coupling	of	EM	
energy	to	the	ionosphere	under	different	geomagne<c	la<tudes	and	condi<ons	

•  Outline	research	program	to	:	
•  Determine	 the	 key	 proper<es	 of	 the	 EM	 source	 (frequency,	 ERP,	 Power,	

waveform,	 phase,	 modula<on,..)required	 to	 explore	 EM-Plasma	 coupling	
and	 other	 the	 cri<cal	 physics	 ques<ons	 as	 a	 func<on	 of	 geomagne<c	
loca<on	and	ionospheric	condi<ons	

•  Define	and	design	modern,	efficient,	powerful,	 	tunable	EM	sources	for	IM	
and	 provide	 hardware	 tes<ng	 under	 typical	 university	 HPM	 laboratory	
condi<ons	(vacuum	loads	and/or	anechoic	chamber)	

•  Develop	theore<cal	tools	and	framework	to	design	feasibility	experiments	
to	demonstrate	and	test	the	results	of		the	IM	research.	

Objec<ve	
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T1. Equatorial latitude magnetic geometry

(∇n•B≈0): Develop quantitative

understanding of HF/equatorial ionosphere

interaction by conducting l abora tory

investigations supported by theoretical

modeling. In the absence of equatorial IM
experiments we are guided only by high and
middle latitude experiments and minimal
theory/modeling efforts. While the dominant
F-region heating effects at high latitudes
involve O-mode heating this does not appear
to be the case at the dip-equator. Our
preliminary assessment indicates that Upper

Hybrid (UH) heating will be dominant for X-
mode, while Strong Langmuir Turbulence

(SLT) for O-mode. Since it is theoretically
predicted that the HF-to-ELF/VLF
conversion efficiency will increase by more
than 20-30 dB at the dip-equator vs. high
latitude for this application is important to provide the MIH with a capability that
optimizes electron heating rather than super-thermal tail formation. Another important
issue never addressed for equatorial geometry is the role of frequencies near electron
Gyro-Harmonics (GH), excitation of Electron Bernstein (EB) modes and if the spectrum

of stationary striations includes an SSS (scale size≈electron gyro-radius) component. For

UHF applications generation of enhanced elongated SSS spectrum has enormous
implications not only for degrading the L-band GPS zone in the high density of the
equatorial F-region, but potentially creating Bragg Field Aligned Scattering (FAS) [43-
45] clouds (Fig.1) at GHz and thus providing effective Maximum Usable Frequency

(MUF) in excess of GHz at equatorial and middle latitude. The study of GH and UH
double resonance [43, 46] will provide critical input to the design of equatorial MIH.
Subtasks include: (Parenthesis indicate staging of task on a 0-60 month]

1.1 Use LAPD with parameters scaled to the equatorial ionosphere to study X/O mode
UH heating, including GH, double resonance and SLT effects. [0-24 m]
1.2 Test if the interaction gives enhanced SSS spectrum and determine MIH parameters
that optimize its spectral density for equatorial density profiles. [0-20 m]
1.3 Examine requirements for MIH to create GHz scattering clouds. [20-24 months]
1.4 Determine MIH parameters that optimize transverse electron heating and assess their
potential for theater sub C2/detection and underground applications. [24-36]
1.5 Explore theoretically heating in the presence of natural equatorial bubbles, and the

possibility that the HF injection can mitigate spread-F interference. [36-48]
1.6 Combine results of sub-tasks to give design parameters for equatorial MIH. [24-36m]

T2.  Middle latitude magnetic geometry: Conduct the first set of laboratory

investigations supported by theoretical modeling of F-region HF heating effects at

middle-latitude. In defining this task we are guided by results of past mid-latitude heating

Fig. 1: Schematic of SSS FAS system at
GHz.

MUF	at	1-2	GHz	–	Learning	to	control	the	irregularity	
spectrum	at	Super	Small	Size	(few	cm)	scales	at	
equatorial	and	mid-la<tudes	and	use	it	to	create	Field	
Aligned	Scahering	(FAS)	mirrors	

Add explanation 
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test modulation techniques and cavity design followed by and a lower voltage version
using multiple or distributed beams.
    Modern antenna design will be necessary for the mobile heater source.   TTU will
develop novel electrically small antennas (ESA) for the frequency regime of interest.
ESAs are defined as antennas where the product of the wave vector and the largest
antenna element is less than 0.5, or ka < 0.5. When conventional structures, such as
electric dipole antennas, approach this value their performance suffers due to poor
matching of the antenna impedance to the transmission line. A novel approach is use of
metamaterials or metamaterial elements in conjunction with a feed structure to match the
conventional lumped inductor. ESA design simulations and testing has been performed at
relatively high frequencies [40-42] (300 MHz - 3 GHz). We will expand these
metamaterial-inspired antenna designs to the lower frequencies required for ionospheric
heating, and will illuminate their limits with respect to electrical breakdown at high
electric field amplitudes. In addition we will benefit from experience gained in the design
of the HAARP antenna.

II. Physics of Ionospheric Modifications (IM) – Theory and Lab Experiments:

The objective of the theory and lab effort is to identify and explore the IM physics areas

impacting the design characteristics of MIH in areas where: (i) HF heating for

geomagnetic regions where no heating experiments were performed, such as the

equatorial region (Task 1), or were performed using relatively low power heaters, such

as mid-latitude (Task 2);(ii) the physics understanding important high latitude

experiments at HAARP and EISCAT when incomplete or controversial (Task 3). In
addition we will explore theoretically the requirements of using the IMH in a radar mode
for Space Situation Awareness applications, such as monitoring the geo-effectiveness of
Coronal Mass Ejections (CME) (Task 4). The results of the investigations will be used

to provide the required input to the source developers. The table below shows a
simplified example of anticipated MIH requirements for different applications and
latitudes that we constructed on the basis of our current understanding of high-latitude IM
and their extrapolation to other latitudes.

TABLE I.

Application Region Frequency Power ERP Polarization

Virtual Antenna Equator 4-10 MHz >1MW >75dBW O,X

FAS SSS clouds for GHz ground-to-
ground channel

Equator
Mid latitude

4-12 MHz >2 MW >85dBW

Artificial Plasma Layers Mid latitude 4-12 MHz >2 MW >85dBW O, X

CME detection Mid-latitude 10-30MHz >2 MW >85dBW O

Substorm effects Polar 4-8 MHz >2 MW >80dBW O, X

A. Research Tasks:



UMD	SPP			Objec<ves	

•  Iden<fy	and	Explore	the	Ionospheric	Modifica<ons	(IM)	
Physics	Areas	impac<ng	the	design	of	Mobile	Ionospheric	
Hea<ng	sources	(MIHs)	where	
•  No	hea<ng	experiments	were	performed	(e.g.	equatorial	regions)		
•  Hea<ng	experiments	were	performed	using	low	power	heaters	

(e.g.	mid-la<tude)	
•  Important	new	high	la<tude	experiments	with	incomplete	or	

controversial	understanding	(e.g.	ar<ficial	ioniza<on)	
•  New	concepts	requiring	mobile	sources	(e.g.	monitor	Coronal	

Mass	Ejec<ons)	
•  Design	and,	in	collabora<on	with	UCLA,	conduct	PoP	

experiments	of	the	new	physics	concepts	
•  Collaborate	with	the	Arecibo,	HAARP,	SURA	and	EISCAT	

experimental	programs	
•  Provide	design	input	to	the	source	development	teams	
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AURORAL	MAGNETIC	GEOMETRY	
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Ez	

 jz= -σH Ex	

Ez=(σH/σP) Ex  : for (σH/σP)=20 field amplification, Ez=10-15 mV/m 

jx= σc Ex , eastward jx known as COWLING current	
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Typical	equatorial	structure	has	a	Cowling	current	jx	of	
	8-12	A/km2	and	a	ver;cal	electrical	field	of	10-15	mV/m	

Electric	Field	and	Current	Structure	in	
the	Dip	Equator	
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Equatorial	vs.	Auroral	ELF/VLF	Source		
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•  SMALL SELF ABSORPTION FOR HF 
•  WAVE-GUIDE TOP AT HIGHER ALTITUDE 

•  BETTER INDUCTIVE COUPLING TO WAVE-GUIDE 
•  NO ELF/VLF ABSORPTION 

Other Advantages of Equatorial 
ELF/VLF	



Equatorial	Model	
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Conduc;vity	Perturba;on	



Evolu<on	of	Horizontal	Current	



Evolu<on	of	Ver<cal	Current	



UPPER	HYBRID	–	ELECTRON	HEATING	–	AIT	
Modeling	

20	

Ionospheric heating at TromstiI 

Ray paths for HF radio waves 

583 

I \ Bottom of ionoapham .\ __. ._. . . . . . . . . . . . . . . . . . . . . . . . 
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t 
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Fig. 4. HF radio wave paths in the ionosphere from the heating transmitter for various angles of incidence 
and polarizations. 

between the electric field and the geomagnetic field 
increases successively. At the upper hybrid resonance 
height, where the wave frequency equals the upper 
hybrid resonance frequency, fu, where f ,” = f i + f ,“, 
the electric field is directed essentially perpendicular 
to the geomagnetic field. At this height, typically 6 km 
below the reflection height, wave modes which are 
unique to a magnetised plasma, such as Bernstein 
modes, may be enhanced by the electromagnetic wave. 
When there is a steep plasma frequency profile, such 
as far below the F-region peak or in the E-layer, the 
difference between the upper hybrid height and the 
reflection height becomes small, which can make it 
difficult to determine ex~rimentally which of these 
two height regions is important for the various physi- 
cal processes. Figure SC also illustrates how the stand- 
ing HF wave pattern at the steeper E-region gradient 

falls off over a much shorter height range than in the 
F-region (Fig. 5b). The extraordinary mode also does 
not reach the upper hybrid height, as illustrated in 
Figure 4. 

Ordinary mode rays incident on the ionosphere 
with an angle greater than the critical angle (some- 
times called ‘Spitze angle’), 4,, defined by 

&, = sin-’ [JyI(I+y) cos II 

are also reflected below the level where X = 1. For 
Tromss with I = 78” and fn = 1.35 MHz, c$~ varies 
from 6” at 4 M H z to 4 . 5 ”  at 8 MHz. That the HF 
wave is largely within this angle was one of the criteria 
used for choosing the angular width of the two 
antenna arrays of 1.5” (+7S” between the 3 dB 
points). Figure 4 illustrates reflection at the critical 
angle. 
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NON-THERMAL	TAILS	NOT	DUE	TO	UH/EB	INTERACTION	BUT	
DUE	TO	STRONG	LANGMUIR	TURBULENCE	
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Amplitude	of	radio	waves	
received	from	the	satellite	
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STEC:	
•  L1/L2	~1.2->1.6	GHz	
•  λ~	18-20cm	
•  Stria;ons	<	λ	/2	sca_er	STEC	
	

468 FRANZ ET AL.: RADAR SCATTERING FROM FIELD-ALIGNED IRREGULARITIES 
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Figure 2. The kñ spectrum of the data plotted in Figure 1. The dashed line superimposed 
on the kñ spectrum is our model (equation (1)). This figure has been corrected for an error 
in perpendicular velocity used in a similar figure by Kelley et al. [1995]. 

x sin V•Lo + cos (5) 
In order to compute the radar backscatter we 

must determine the three-dimensional plasma den- 
sity spectrum and thence the index of refraction spec- 
trum. A one-dimensional in situ spectrum basically 
has been integrated in the two dimensions perpen- 
dicular to the rocket's path. Converting it to the 
actual three-dimensional spectrum is ambiguous un- 
less additional information is included in the calcu- 
lation. With this in mind, we make several assump- 
tions based on the rocket experiment and prior radar 
experiments. 

The speed of the rocket in the filament region was 
approximately 1.4 km/s, and its velocity component 
perpendicular to B was --1.2 km/s. Mean Doppler 
shifts obtained with VHF backscatter [Noble and 
Djuth, 1990] show that the filaments are moving 
much slower than rocket speeds. Thus we can safely 
assume that the filaments are frozen during the ex- 

periment time frame and that the measured irregu- 
larities are spatial, not temporal, in nature. Next, 
since the filaments were detected from 15 km below 
to 5 km above the region where the HF energy is re- 
flected and dissipated, it is clear that the structures 
are very elongated. This agrees with a vast set of 
experimental and theoretical studies [see Robinson, 
1989] that concluded that the filaments are highly 
field aligned. The elongation ratio of the filaments is 
likely to be •20,000 since meter-scale gradients were 
detected in all three patches [Kelley et al., 1995]. 
Since meter-scale filaments were seen 5 km above 
the reflection point, a ratio of 5000 is clearly indi- 
cated, and with symmetry arguments 10,000 could 
also be strongly supported. This elongation ratio is 
consistent with the ratio of the parallel to perpendic- 
ular heat conduction coefficients predicted by Gure- 
vich [1978]. This ratio is higher than that predicted 
for natural irregularities such as equatorial spread F 
(ESF). Thus we may follow the lead of Woodman 
and Basu [1978] and Hysell et al. [1994], who in- 
vestigated radar backscatter from ESF, and take the 
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Figure 3. A prediction of the scattering cross section for infinitely field-aligned irregular- 
ities. The cross section has been normalized to A_L and R where A j_ is the radar volume 
projected onto the plane perpendicular to B and/i• is the range to target. 

multiplied by 10 ø x ½r/180 ø x 7.5 km x(660 km) 2. 
The reader is cautioned to remember that we have 
assumed isotropy in the plane perpendicular to B. 
This assumption may break down at the longer wave- 
lengths such as those corresponding to HF. In this 
regime the assumption of infinite field alignment may 
also be suspect. 

We turn now to comparisons with the Platteville 
observations reported by Minkoff [1974] and others, 
particularly as published in the special issue of Radio 
Science, 9(11), 881-1090, November 1974. Minkoff 
[1974] organized a multiwavelength set of backscat- 
ter observations into a single representative plot of 
backscatter coefficient versus radar frequency, as re- 
produced here in Figure 4. The asterisks in the figure 
correspond to radar data; however, we have omitted 
the point which Minkoff plotted at 1300 MHz as it 
was an estimation, not an actual radar measurement. 

The backscatter coefficient, b(k), and a are related 
by his equation 

a(k)- b(k) L R/?(R)•Ah (m2). (16) 

R is again the range to target, Ah is the pulse length, 
L is the filament length, and A is the radar wave- 
length. /•(R) is the angular beam width perpendic- 
ular to B, and R/•(R) gives one of the perpendicu- 
lar components of the scattering volume. If the fil- 
aments are beam filling, then the scattering volume 
is given by R2c)OAh (or using Minkoff's terminology, 
R/•(R)Rc)Ah) and (16) reduces to 

erA(k)- 2•rb(k).(m -2) (17) 

Following Minkoff, we have created our own pre- 
diction of the b parameter for Arecibo using the 
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Raising	MUF	to	GHz	
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50 cm, which is more than 100 ion Larmor radii across at a
background field of 1000 G.

Figure 2 shows the electron temperature and plasma den-
sity during a typical plasma shot. Two regimes can be iden-
tified, namely the main discharge when the electrons are
warm !Te"6 eV#, and the afterglow when the electrons are
cold !Te!0.5 eV#. The density decay time is much longer
than the electron temperature decay time, and is long com-
pared to the typical duration of the experiment !"50 "s#.
Most of the experimental runs were done in the afterglow
!typically 500 "s after the termination of the discharge#, so
that both the electron and ion populations are cold.

In the experiment, a high power pulse of 9 GHz micro-
waves is launched through a side window in the machine.
The start of the microwave pulse is taken as t=0 in the
experiment. The z location of the horn is taken as z=0, while
x=y=0 denotes the center axis of the machine. The micro-
waves enter the machine through a window at x=−60 cm,
y=0 cm. The microwave source is a magnetron with fixed
frequency at 9 GHz, and pulse length 0.5 "s or 2.5 "s !not
continuously variable#. The output power of the source can
be varied continuously to a maximum output of 100 kW. The
output power is measured by tapping off part of the micro-
wave power, attenuated by 70 dB, from the waveguide as-
sembly using a directional coupler. The microwaves are
launched with a pyramidal horn antenna, with aperture
11.4 cm by 9.2 cm, and an axial length of 10.2 cm. Experi-
ments were done with the microwaves both focused and un-
focused by a lens. Measurements in air determined that the
lens increases the power density by a factor of 5. The polar-
ization of the waves can be chosen by rotating the horn. Two
polarizations were investigated, E=Ezz $B0 or ordinary mode
!O mode#, and E=Eyy!B0 or extraordinary mode !X mode#.
The microwaves propagate into the radial density gradient of
the plasma, across the background field B0. The density ncrit
determined by #pe,crit=# corresponds to ncrit=1012 cm−3 for
a 9 GHz wave. The peak density in the plasma is between
1.52$1012 cm−3, so that the center of the plasma is optically

thick for the incoming microwaves. The background field B0
was varied from 1 kG to 2.25 kG. The electron cyclotron
frequency #ce is between 30% and 70% of the pump fre-
quency, so that #ce!#pe,crit for all background fields.

Measurements include microwave intensity measure-
ments, low frequency !f %3 MHz# magnetic field measure-
ments and flow measurements. The microwave intensity was
measured using a three axis dipole probe, with the output
signal rectified by crystal diodes. Low frequency magnetic
field oscillations were measured with an inductive pickup
probe consisting of three orthogonal coils. The coils were
differentially wound to reduce electrostatic pickup. Density
and flow measurements were done with a Mach probe.23

Density measurements are calibrated using a 56 GHz micro-
wave interferometer. Magnetic field data were obtained in
several transverse planes, typically 30 cm by 30 cm at dif-
ferent axial locations, both upstream and downstream from
the horn antenna. Computer-controlled probes, mounted on
the probe drive, are moved to any point in an x-y plane. The
ball valve24 !Fig. 1# connects the probes mechanically to the
machine, and allows for three-dimensional motion.

In the presentation of the results it is important to point
out the many different time scales at play. The important
time scales range from a tenth of a nanosecond to several
milliseconds, a difference of 7 orders of magnitude. The
shortest time scale is the period of the launched microwaves,
which is 1 ns. This is also the frequency of the plasma waves
and X mode waves with which the microwaves interact as
they propagate in the plasma. The microwaves are on for
0.5 "s or 2.5 "s, which means that each pulse has on the
order of 104 oscillations in it. Although we use the term
“microwave pulse,” for the microwaves themselves the pulse
is nearly steady state. Another important plasma scale is the
ion plasma frequency, which for our parameters is about
100 MHz, corresponding to a period of 10 ns. One micro-
wave pulse is equal to about 100 ion plasma periods. This
indicates that ion dynamics can play an important role during
the microwave pulse. For example, the microwave pulse is
long enough for ponderomotive effects to become important.
As we descend in the frequency scale, the next lowest is the

FIG. 1. Schematic of the experimental setup !not to scale#. The plasma is
formed by a pulsed discharge !Id%3.5 kA# between the anode and cathode
which are 52 cm apart. The plasma has a duration of 10 ms, is reproducible
and pulsed at 1 Hz. The probe drive moves probes to each point on the
preprogrammed planar x-y grid, and can be positioned at different axial
locations. Microwaves are launched into the radial density gradient, across
the background field B0. The center of the plasma is optically thick to the
microwaves.

FIG. 2. Time traces of electron temperature and density during a typical
plasma shot. During the main discharge the temperature is on the order of
6 eV. In the afterglow, the temperature drops rapidly close to zero, while the
density decays at a slower rate.

092112-2 Van Compernolle, Gekelman, and Pribyl Phys. Plasmas 13, 092112 !2006"

Van	Campenolle	et	al.,	2006	

The solid curves are the L cutoff and the upper hybrid reso-
nance. The spatial extent of the microwave intensity mea-
surements and the density measurements do not completely
overlap. This is a problem for the upper hybrid resonance
curve, since the density measurement is interrupted at
x=20 cm. A circle was fitted to the upper hybrid resonance
curve, and is plotted as the dotted line in Fig. 4. The R cutoff
is not shown since it falls outside of the measurement plane.
The distance between the R cutoff and the upper-hybrid reso-
nance is approximately 3 cm, on the order of one vacuum
wavelength of the microwaves !!0=3.33 cm". Figure 4
shows that the microwave intensity peaks on the overdense
side of the upper hybrid contour. This suggests that tunneling
to the upper-hybrid resonance is achieved. The microwaves
propagate up to the L cutoff. This is consistent with the the-
oretical dispersion relation of the wave. The highest ampli-
tude waves are observed on the high density side of the up-
per hybrid layer, and the intensity drops off quickly at higher
densities, and vanishes at the L cutoff. The smaller intensity
peak at the "pe cutoff is attributed to O mode waves. Just as
in Fig. 3 there is some polarization mixing.

With simultaneous measurements of the plasma density
and the microwave intensity, at different magnetic fields B0,
it is possible to determine the location of the microwave
peak intensity with respect to the density and the magnetic
field. Both the density and the microwave intensity were
measured along radial lines, for magnetic fields ranging from
1 kG to 2.25 kG. Figure 5 shows the density profile and mi-
crowave intensity profiles for the X mode and O mode at
B0=1.5 kG. The profiles are taken immediately after the mi-
crowave turn-on. With these profiles one can extract the peak
of the microwave intensity versus density. Figures 6 and 7
show the results for the O mode and X mode polarization,
respectively. The error bars on the plot indicate the spatial
extent of the peak intensity. The maximum intensity is plot-
ted as a cross on the plot, whereas the error bars indicate the
full width at half maximum. The location of the peaks was
obtained in the beginning of the microwave pulse, about 10

ns after the turn-on. At these early times, there is no density
modification.

For the O mode, the theoretical dispersion relation pre-
dicts the peak intensity to be just below the cutoff density
where "pe=". There is good agreement between theory and
experiment. The results for the X mode are plotted in Fig. 7.
The relevant cutoffs and upper-hybrid resonance are also
shown. It is clear that the peak intensity follows the upper
hybrid resonance. The peak occurs at densities between the
upper hybrid resonance and the L cutoff. Direct tunneling to
the upper-hybrid resonance is achieved. Identifying the loca-
tion of the peak electric fields is important, since it will be
shown in the next section that a burst of suprathermal elec-
trons can be traced to these locations.

The microwave intensity measurements were all done in
planes perpendicular to B0, and in radial lines along x. No
measurements were done along the z axis, and no measure-
ments were done in line with the horn, at z=0 cm. To
complement the experimental data, a WKB calculation25 was
done in an x-z plane. The calculation is done for a slab
model, with the magnetic field in the z direction, the density

FIG. 5. Radial profile of #E#2 for the O mode and X mode, at 1.5 kG. The
density profile is overplotted. These radial profiles were used to obtain the
location of the peak #E#2 with respect to plasma density, as displayed in
Figs. 6 and 7.

FIG. 6. Location of peak electric field intensity in the O mode, for a range
of magnetic fields. Solid line represents the "pe cutoff.

FIG. 7. Location of peak electric field intensity in the X mode, for a range
of magnetic fields. Dashed line represents the L cutoff, the solid line repre-
sents the upper hybrid resonance, and the dotted line represents the R cutoff.
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O	vs.	X	scaling	in	accelerated	electrons	which	Cerenkov	emi_ed	Alfven	waves	

Simula;ons	Tsung	et	al.	2007	this figure are arranged as in the linear case in Fig. 3 and
contain equivalent information. It is now seen that Fig. 4!a"
exhibits major rearrangements in the plasma density profile.
The structures formed consist primarily of density cavities
!i.e., depletions" whose centers coincide with the peak values
of the square of the parallel electric field of the electromag-
netic wave, i.e., #Ez#2. The plasma particles removed to form
the cavities spread predominantly along the confinement
magnetic field !i.e., the z direction", although a small density
compression does develop across the magnetic field.

Figures 4!b" and 4!c" do not show the coherent, Airy
type of oscillations seen in the corresponding panels !b" and
!c" of Fig. 3. Instead, one observes a broadened pattern with
a spatial modulation !in the x direction" approximately cor-
responding to the square of the parallel electric field. The
smearing seen in Figs. 4!b" and 4!c" implies that the elec-
trons have been heated. In addition to the heating, a smaller
population of fast electrons is generated. These fast tails are
seen to emanate from the regions where the density cavities
attain their deepest value. A comparison of Figs. 4!b" and
4!c" indicates that fast electrons emerge symmetrically
!along the confinement magnetic field" from the sides of the
O-mode beam.

Figure 5 shows the parallel !z direction" velocity distri-
bution function !in logarithmic scale" of electrons at position
x=31c /!0 indicated by the dashed line in Figs. 4!b" and 4!c".
This position corresponds to where the parallel electric field
of the O-mode attains its largest value. The two curves in
Fig. 5 represent the parallel electron distribution functions at

z=4.47c /!pi0 !solid" and z=−4.47c /!pi0 !dashed", which
again are associated with cuts along the two dashed lines in
Fig. 4!a". It is seen in Fig. 5 that the distribution functions
exhibit bulk heating and fast tails populated at velocities
larger than the oscillatory velocity due to the primary
O-mode electric field. It can also be deduced from Fig. 5 that
the bulk !slow" electrons experience a net drift in a direction
opposite to that in which the fast tails move, i.e., the bulk
electrons carry a return current that compensates for the cur-
rent injected by electrons in the fast tail. It is shown later in
Sec. III B that such a current system is related to a shear
Alfvén wave.

To obtain a better understanding of the early stage of the
nonlinear profile modification and to independently corrobo-
rate the results of the PIC code, it is useful to develop an
approximate analytical description of the phenomena. For
the early stage during which the plasma has not yet been
heated, a fluid description is useful. In this spirit, the high-
frequency O-mode imparts on the electrons a low-frequency
force, the ponderomotive force, which acts primarily along
the confinement magnetic field. Because at early times there
is not yet a significant electron pressure, the ponderomotive
force must be balanced by an electrostatic potential given by

"!x,z" = $ m

2e
%&ṽe

2' , !2"

where

&ṽe
2' = $1

2
%$ eE

m!0
%2

, !3"

with E the complex amplitude of the parallel electric field of
the O-mode, and e the quantum of charge.

The electrostatic field holding back the cold electrons
pushes the ions, which on the short time scale behave as
unmagnetized. Thus, the ion velocity vi and the ion density
ni are determined by the equation of motion and the conti-
nuity equation, respectively,

M
d

dt
v! i = − e ! " , !4"

"

"t
ni = − ! · !niv! i" . !5"

An equation that describes the early stage of profile re-
arrangement is obtained by linearizing Eqs. !2"–!5",

"2

"t2ni = $ m

2M
% ! · (n0!x" ! &ṽe

2') , !6"

and where, consistently, the amplitude of the electric field is
approximated by its value for the unperturbed density profile
represented by Eq. !1". This results in

E!x,z" = E0g!z"Ai!#" , !7"

# = *k0LN
nc

nl
+2/3*$ nl

nc
%$1 +

x

LN
% − 1+ , !8"

with nc the density at the cutoff layer and Ai is the usual Airy
function. The factor g!z" is the beam profile of the O-mode;

FIG. 5. Parallel !z direction" velocity distribution function !logarithmic
scale" of electrons at position x=31c /!0 indicated by the dashes in Figs.
4!b" and 4!c". Dashed curve is for z=−4.47c /!pi0 and solid for z
=4.47c /!pi0. The distribution functions exhibit bulk heating and fast tails.
The bulk particles experience a net drift that provides a return current.
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Es!z,x,t" =
A!z,x,t"

2
e−i!0t + c.c., !9"

where A is a complex amplitude whose time dependence is
considered slow compared to the frequency !0 of the pri-
mary field having amplitude E0h!x"g!z", which is constant in
time. The amplitude A contains the short scale, resonantly
driven fields generated by the density pileup, as well as the
nonresonant modifications produced by the underdense
cavities. The space-time evolution of these features is de-
scribed by

2i!0
!

!t
A + #!0

2 − !p0
2 ni!z,x,t"

n0!x" $A

= !p0
2 %ni!z,x,t" − n0!x"&E0h!x"g!z" , !10"

where !p0 is the electron plasma frequency corresponding to
the initial density n0 at location x.

The early stage, self-consistent formation of the second-
ary electric fields is obtained by solving Eq. !10" together
with Eq. !6". A typical pattern formed along a field line is
illustrated in Fig. 8. The curve labeled !a" corresponds to the
scaled, nonlinearly modified ion density, ni /nc, while the
curve labeled !b" is the magnitude of the scaled, secondary
electric field, 'A ' /E0. It is seen that at the peak of the “den-
sity wings,” where plasma resonance is matched, localized
electric fields develop. These nonlinearly generated fields
give rise to strong electron acceleration that results in the
formation of field-aligned current channels emanating from
the sides of a density cavity. It should be noted that at suffi-

ciently large power levels, multiple streams of fast electrons
can emanate from different x positions. The consequence of
this feature is that independent Alfvénic filaments can be
radiated by each of the resulting current channels. The fluid
model discussed captures only the early stage of density cav-
ity formation and the development of secondary resonant
regions. Beyond this, kinetic processes develop that result in
fast electron tails responsible for the excitation of shear
Alfvén waves, as discussed next.

B. Alfvén waves

After the secondary electric fields arise and fast electron
tails are generated, it is observed in the PIC simulation that
electromagnetic signals develop, as seen in Fig. 9. These
modes propagate along the confinement field at speeds much
slower than the speed of light. The signals remain fairly col-
limated and have their magnetic field oriented in the shear
polarization, i.e., By. These properties are consistent with ra-
diated shear Alfvén modes. To fully illustrate these propaga-
tion characteristics, a color movie is required, but to convey
a sense of the phenomena, Fig. 9 presents a series of snap-
shots in panels !a"–!c". They consist of gray-scale contours
of the magnitude of By in the !x ,z" plane with dark the larg-
est value and white the smallest. Time increases sequentially
from !a" !0t=650, !b" !0t=1950, to !c" !0t=3250. In com-
paring the patterns in Figs. 9!a"–9!c", it is seen that two

FIG. 8. Self-consistent formation of secondary electric fields predicted by
Eqs. !6" and !10". Curve !a" is the scaled density ni /nc along an initially
underdense field line. Curve !b" is the magnitude of the scaled, secondary
electric field, 'A ' /E0. At the peak of the density wings, where plasma reso-
nance is matched, localized electric fields develop.

FIG. 9. Gray-scale contours showing time evolution of magnitude of By in
the !x ,z" plane with white the smallest value and black the largest. !a" !0t
=650, !b" !0t=1950, and !c" !0t=3250. Two field-aligned pulses propagate
away !i.e., z"0 and z#0" from the axial region illuminated by the O-mode
signal. Propagating pulses are filamentary structures that originate at an x
position corresponding to where a deep density cavity is formed. The rect-
angular region in !c" is sampled in Fig. 11.
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modes propagate along the confinement field at speeds much
slower than the speed of light. The signals remain fairly col-
limated and have their magnetic field oriented in the shear
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FIG. 8. Self-consistent formation of secondary electric fields predicted by
Eqs. !6" and !10". Curve !a" is the scaled density ni /nc along an initially
underdense field line. Curve !b" is the magnitude of the scaled, secondary
electric field, 'A ' /E0. At the peak of the density wings, where plasma reso-
nance is matched, localized electric fields develop.

FIG. 9. Gray-scale contours showing time evolution of magnitude of By in
the !x ,z" plane with white the smallest value and black the largest. !a" !0t
=650, !b" !0t=1950, and !c" !0t=3250. Two field-aligned pulses propagate
away !i.e., z"0 and z#0" from the axial region illuminated by the O-mode
signal. Propagating pulses are filamentary structures that originate at an x
position corresponding to where a deep density cavity is formed. The rect-
angular region in !c" is sampled in Fig. 11.
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Combining	lab	exp	with	modeling	
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VIRTUAL	ANTENNAE	AT	ELF/VLF	
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Equatorial	vs.	Auroral	ELF/VLF	Source		
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VIRTUAL	ANTENNA	–	IONOSPHERIC	CURRENT	DRIVE	(ICD)	

DOES	NOT	REQUIRE	CURRENT-	f	<	70	Hz	

DEMETER	
Shear	Alfven	

2.5	Hz	

DEMETER	
Magnetosonic	.1	Hz	

GROUND	

Papadopoulos	et	al.	GRL,	2011	a,b;	Eliasson	et	
al.	JGR,	2012		
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ICD	Scaling	with	Geomagne3c	La3tude		
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ICD	Scaling	with	Geomagne3c	La3tude		
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For	PHF=800	kW	we	get	
Meff≈1011	A-m2	at	λ≈0	
Meff≈3x1010	A-m2	at	λ≈6°	

For	PHF=800	KW	M=1011	A-m2	

M=3x1010	A-m2	

Parameters	allow	us	to	consider	an	equatorial	barge	basing	of	the	HF	transmi_er	



Barge	or	Shipboard	Op<on	

High 
Latitude 

10	
MHz	

1	MHz	

Equator 

Strawman	HF	Array	
	

• 	HF	frequency	5-8	MHz	
• 	Linear	polariza;on	
• 	 Power	 on	 ship	 or	 self-
propelled	plavorm	

4	MHz	

• 	Can	provide	strategic	and	tac;cal	sub	communica;ons	



ELF	Mobile	Array	Performance	
•  Op;mal	area	for	Mobile	Array	along	Magne;c	

Equator	(green	band,	within	2o	from	dip	equator	)	
•  Power	requirements	depend	on	loca;on	

–  Example:	Korea	-	Yellow	Sea	
•  800	KW	system	can	provide	data	rates	in	

the	tens	of	bit/sec	
•  Signal	as	large	as	5	pT	at	40	Hz	or	more	at	

range	of	3500	km	
•  Typical	background	noise	at	40-80	Hz	is	

200-500	fT/Hz1/2	

ELF	Sub-Comm.	DARPA-STO	Briefing			39	
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Project Objectives  
 
Development of a compact, high 
voltage (10-25 kV) photoconductive 
switch capable of ~ 10 MHz 
operation at ~1-2 MW 

Background 
•  Switch geometry 
•  Material parameters and modification 

•  Electron irradiation 
•  Annealing 
•  Laser enhanced diffusion 

•  Triggering Wavelengths 
•  Other switch design parameters 

Demonstrated Performance 
•  Blocking of DC electric fields up to 

700 kV/cm 
•  Maximum switched current of 1kA at 

30 kV 
•  Switched 250 A at 20 kV at a burst 

repetition frequency of 65 MHz 

Texas Tech  Photoconductive Sources - PCSS 



Texas	Tech-	PCSS	
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Challenges 
•  Device Efficiency 

•  Recombination at defect sites 
•  Mid-gap defect sites 
•  Surface Recombination 

•  Contact resistance 
•  Device Lifetime 

•  Space charge effects 
•  Current density at SiC/metal 

interface 

Characterization of Defect States 
•  Thermally stimulated current 

spectroscopy (TSC) 
•  Extraction of trap parameters from 

experimental IV curves and simulation 
fitting 

•  Sub-bandgap IR illumination at 
cryogenic temperatures 

Device Lifetime 
•  Vary current density, record any changes 

in switch properties (V-I curve) 
•  Simulation (Silvaco – Atlas) 

•  Joule heating  
•  Space charge effects 

•  Hole mobility 
•  Transient trapping effects 

•  AFM / SEM analysis of failed devices 
•  Sub-contact doping effects 



Texas	Tech	Electrically	Small	Antennas	

3/3/2014 42 

Design Goals 
•  Electrically small – a few meters in size 
•  High power – Megawatt output 
•  Instantaneous bandwidth – a few percent 
•  Tuning – adjust resonant frequency with 
structural modification 
 

Project Objective 
Design and simulate an electrically small antenna 
for the 2 – 10 MHz range capable of high power 
applications 
 

Approach 
• Simulate and optimize the design in HFSS for 
the operational frequency range 
• Consider physical limits (electric breakdown) 
• Build a scaled version of the design for operation 
around 100 MHz 

Current Issues 
•  Tradeoff between size and bandwidth 

– Resonant structure 
•  High field on surface of dielectric 

– Limits input power 
•  Losses in the dielectric  

– Increase bandwidth, decrease efficiency 

Future 
•  Evaluate magnetic materials (ferrites) 



Goal:   Design, develop and demonstrate a high power MBIOT operating as a class D 
amplifier. 
 
Advantages of Pulse Modulation: 
 

 Simplifies driver circuitry 
 Improves phase/frequency control  
 Enhanced efficiency 

 
Technical Challenges: 
 

 Grid- beam interception and heat load  
 Cavity tuning over 3 octaves while maintaining matched R/Q 
 Guide field uniformity 
 Output matching 

UMD Charged Particle Beam Group 
Multi-beam Inductive Output Tube (MBIOT) 

R&D Program	



Device	Concept	

Electron	gun	w/	coaxial	grid-cathode	geometry	

Gap	E-Field	

Beam	

Pulsed	
Gun	

•  RF	frequency,	phase	and	
amplitude	are	pulse	modulated	

•  Pulse	Width	→	AM	
•  Pulse	Period	→	FM	
•  Pulse	Timing	→	Phase	



System Challenges  -   What might a more compact system look like?	

ITER and Compact are not usually mentioned in 
the same sentence	

ICRH System: 2 antennas, 20 MW/each, 40-55 MHz	

Messian et al, Nucl. Fusion 2010. 



AFOSR	FY	MURI	TOPIC	#13	
A	New	Paradigm	in	Sources	and	Physics	of	High-Power	

Ionospheric	Modifica<on		
	

•  The	 Ionosphere	 controls	 the	 performance	 of	 cri<cal	 DoD	 &	 civilian	 systems	
[Communica<ons	range,	radar,	naviga<on,	Geo-loca<on	accuracy,	etc]	

•  DoD/civilian	ac<ve	research	using	tradi<onal	 ionospheric	heaters	provided	new	
capabili<es	 and	 applica<ons	 that	 allow	 control/exploita<on	 of	 triggered	
processes	(Virtual	antennas	in	space,	ar<ficial	clouds,	irregularity	control,…)	

•  The	 low	 power	 of	 tradi<onal	 heaters	 resulted	 in	 large	 arrays	 and	 ac<ve	
elements,	with	complex	and	costly	controls	leading	to	fixed	installa<ons	

•  Fixed	loca<ons	are	associated	with	fixed	magne<c	geometry	limi<ng	the	scope	of	
the	research	investment	

Background	

46	


