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Wave-particle interactions study under
controlled wave injection

 Use lonospheric heaters (HF) g, | \
to inject ULF/ELF/VLF waves in %
the L-shell that spans the < trapped

heater.
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Figure 2-8, Corlanr—8 surfoces in o dipole flald.

* Inner RB (1.5<L<2)
e Slot (2<L<3)
e Outer (L>3)

Diagnosed by
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ePOP




The Plasma Physics of the PEJ
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Power Spectral Density (pTZ/HZ)

ELF/VLF ground detection and
propagation
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HAARP-DEMETER VLF INJECTION

Demeter pass Bx ,02/10/2005, 06:52:59.7. L = 4.36,

/- ). = 60.59°, GMlong = 270.81°, Alt. = 725.6 km 4
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e ELF/VLF signals observed in LEO (~700
km) at lateral distances of >400-km from

Min. dist HAARP
37 km

HAARP TX e Simultaneous measurement of all six

components (3E, 3B) allows estimation
of the Poynting vector

» Total ELF/VLF radiated power estimated
to be ~10 to 30 Watts in the range ~100
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HAARP/CLUSTER INJECTION

SC4 Ez Ant, 05/11/2003, 06:24:33, L = 7.2051, Miat = 41.0288, MLT = 19:08, Re = 4.
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SAW DEMETER Detection

28-Sep-2007 06:58:04-06:59:23 3.3-0m-0.4-0.2Hz-demeter, m=0, f=0.2Hz, t=06:44:00-07:08:00
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lonospheric Current Drive (ICD) Concept
BxVo .
Stepl: AJ= Tpexp(la)t) MS Wave
Step 2: E field of MS wave drives Hall current in E-region
resulting in secondary antenna resembling PEJ

Papadopoulos et al.
GRL 2011
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Secondary Antenna Current and
Ground Field
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i PoP Exps: PEJ to ICD Transition
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® ICD PoP Experiments

Papadopoulos et al GRL 2011b
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ELF detection at Distant Sites

5 2
B
* Distance to Gakona
— Lake Ozette, WA (W)
e 1300 mi
— Hawaii (H)
e 2900 mi
— Guam (G)
e 4800 mi
 Detection under quiet Gakona cond.

No detection during electrojet days Oct. 22-23

f

HAARP October 2009 VLF Campaign
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Proof of Concept ICD Experiment — Conducted under DARPA/BRIOCHE

Chang-Lebinsky-Milikh-Papadopoulos

2.8 MHz, O-mode
(-

6D HHBMES Pl FFS § AXH PPE IGA IS
1 713 200 20+ D2

Statio ¥YYY DAY
Gakona 2010 ¢ct]0 101 061000 RSP

1.650 £50
e - 1 oVl
wi o] . une |
ik - e |
0.45 L w__|
w35 ss - ve. |
Wik =
o i Jve. |
500
52l x|
316
PR x- |
340.0
] 3a0.0 4007 e
£ Wik
: P
raF? E2N)
bl A g ]
rar 0.0
3EE 50,7
¥FL ik Feh!
¥ 0.0
£ 5.5 0] - .
5 1.7
C-level B gl i
dasas - *
Arciscs 1 il N
500200 = i ==
1 H 3 4 5
B 100 300 400 00 00 1000 1500 3000 f
MUF L3 L4 2.4 N5 L7 D R A

SATEZ SOLIGIGELIGIBIT / BenTh 49 kifn 3.8 Wm / BRI-4 GATE GEE 034 E S E leadtng v A8

200 T T T T T

Gakona, AK

100

Magnetic Variation (nT)
o)

-100

= | | | | |
2%-00 0400 0800 700 1600 2000 06-00
10/30 10/30 10/30 10/30 10/30 10/30 1031
30 Oct 2010 (UTC)

0.05

2
3

plitude [(mV/m)*Hz]

PSD of ULF E_ Am

0035+

LY L

(171 ] S

ULF Ey Amplitude (Demeter ICE) on 30-0et-2010 06:15:54-06:16:07
HAARP OP. UMD

'V=129km,06:15:54

£
= 15
'™
&
5
o
€ 05
8
o
(7]
5 0
g
[
2 -05
g
]
-1

T
|AM Square

i i F
25 3 15 [ 45 5

2
Frequency [Hz]

N-S B Field (Gakona NI BF4) = UTC 2010-10-30 06:00:00 to 2010-10-30 08:19:30

T

T T T T
2.8-MZ-0-2 5Hz-square, m=0, f=2.5 Hz, t=1170 &

=200z, NFFT2", dfe12 20Tmbz

"
3
H

.

Frequency (Hz)



3113

0630:43

fapsanis

140 W

plitude [(mV/m)¥Hz]

¥

PSD of ULF E, Am|

H

o015

o005

Low ELF Observed by Demeter Satellite

RP OP. o

V=249km,

11Hz showed along track near

0 [ 1z EE

Frequency [Hz]

HAARP, not before/after
Duration: 17s or 130 km
Peak Ey ~ 0.08 (mV/m)?/Hz

PSD of ULF E_Amplitude [(mVim)%iHz]

‘v jsw_uagw uw

wigiin

plituda [[mVim)iHz]

PSD of ULF E_Am)

2010-11-06, 06:15:00-06:34:30 ELF 11 Hz modulation (O-MZ)

ULF E, Amplitude (Demeter ICE) on 06-Nov-2010 06:28:01-06:29:14

ULF E, Amulitude {Drmter ICE} or 08-Har=2018 08.25.14-08.33.37

£

H

H

]

MARKS OF UMO-Lxparmsnt
T T T

w T
Frequency [Hz]

VB ka6 2% 7

ULF £ Ampisuce emeter ICK] 6 D6-Row=1010 0679 54-08: 3013

N—

AN DF MM LI e eppmeys
i VeA5Rkem, 06 79:54

0 i [
Frequency [Hz]

plitude [(m\im)iHz]

¥

PSD of ULF E_ Am)

{Dwsrpter ICE] om 08-Nov=2310 04.33.27-08.33.40
HAARP 0P,

[T

H

F

0 ar [ u .

plitude [imim)iHz)

PSDof ULFE_Am)

s

T

¥

a
Frequency [Hz]

e (Lwmetes 1CEL on 08 Mov=2010 D79, 30-06.79.53
HAARP OF UM0-Crpsramens

Ve 43km, 06:29:44]

W 0 3
Frequency [Hz]

BRIOCHE QPR4 NOV 2010 17



Msonic Wave Injection

DEMETER

10 sec oscillations

Over 700 km distance
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ICD - Implications

Z (km)

(km)

N

B t=0.01s 16
X x 10
1000 1
800 0
% :
200 ” -2
-3000 -2000 -1000 0 1000 2000
x (km)
B 17
Y x 10
1000 10
800 5
600 0
400
200 =1 -5
-3000 -2000 -1000 0 1000 2000
x (km)
BZ 16
10
1000 | )93
800 2
s :
200 0 -1
-3000 -2000 -1000 0 1000 2000

x (km)




Frequency Selection for Protons

Example for L=1.5

SAW Injection
Frequency Selection for Resonance of
Protons with SAW

o =KV,
=KV,

2
yd o(Ec) 2 MY
cosa \ 2E

40 —

Frequency requirement for equatorial
resonance with SAW at L=1.5

f (Hz)

Frequency range 5-30 Hz

M I U U U U P D U T
60 80 100 120 140 160 180 200
E (MeV)
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ENERGETIC ELECTRON WP INTERACTIONS DUE TO EMIC WAVES
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Physics Studies HAARP/Resonance

 Wave-particle interactions in the
Radiation Belts — Whistler range

— Artificially Stimulated Emissions (ASE)

e ULF - MHD Study

— SA ,EMIC and MS wave injection in
space. Interactions with trapped
electron and ions

— Excitation of the lonospheric Alfven
Resonator (IAR)

— SA wave (Pc1) triggering

Strategy of measurements: two PAIRS of
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@/ Controlled VLF Wave Injection
Artificially Stimulated Emissions (ASE)

Siple Station Antartica — (Stanford — NSF) Helliwell (1973-1987):

L=4.2, 1.5 MW, 42 km length antenna on 2 km thick ice sheet,
Inject 3-6 kHz —
Very difficult and inefficient to inject ELF/VLF with ground

Siple Station, Antarctica 1137:00 UT
Transmitted pulse Jf s . ' ; i ¥
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P ASE — HAARP Tests

ELF to RB

Auroral or Equatorial Electrojet

ASE Studies

ELF to EIW
Modulated HF

Chistochina 23-Aug-2007 UT N/S Antenna

Frequency (kHz)

Time (seconds) after 23:16:00 UT

Pulses above 2 kHz have 1-hop echoes with triggered emissions
Pulse near 1.7 kHz does not; ramps have echoes with no emissions

Precipitating

Reflected electrons .
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_ e
electrons -~ -
e
’
/ /

Interaction /
region !
\

\

N
\ N
aroetic ~
Energetic -
electrons \ S~
Amplified and/or ™™ -

T o.—

& Reflected

waves

Conjugate

triggeredwaves




15 dB/s Amplification & Triggered Emissions

Amplitude (dB)

HAARP Transmission Format
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100 Hz Bandwidth Around 1.1 kHz

24 26 28 30 32
Time(seconds) after 6:25 UT

Only the pulse at 1100 Hz is amplified

SC4 Ez Ant, 05/11/2003, 06:24:33, L = 7.2051, Miat = 41.0288, MLT = 19:08, Re = 4.
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Log10 Scaled

Power Spectral Density (Power/Hz) -

BAE SYSTEMS

Pcl Triggered Emissions ?

E-W Magnetic Field UTC 05-May-2006 01:55:03 to 05-May-2006 02:00:00

i

Shumann

-

My

Spectrum before HAARP ULF

1] 045 1 15
Frequency (Hz) - Log10 Scaled

Start Experiment — Ambient
Noise

Logl0 Scaled

Power Spectral Density (Fower/Hz) -

E-W Magnetic Field LITC 05-May-2008 02:01:00 to 05-hay-2006 02:06:00

60 Hz

1
0.4 ] 045 1 15

Frequency (Hz) - Log10 Scaled

Spectrum after HAARP ULF Start
Noise Increase by more than 10-20 dB

between .7-10 Hz



ULF at Gakona — Power Spectral Density (PSD)

Frequency spectrum in a

mOVIHg tlme WlndOW a Gakona ULF B-Field 2008-05-02 04:46:00 LUTC
107 ¢ S — —
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Clear Schumann : EW |
resonances at 8, 14, .. Hz B: : '
&
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1 |
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10 10° 10
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The Future

* Use lonospheric heaters (HF) to inject ULF/ELF/VLF

g ¥ %~ waves in the L-shell that spans the heater and diagnose
~ HAARP '\ .. |7 itwith RBSP, Resonance, DSX, ePOP
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Inner Proton Belt — Accessible from Arecibo
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Amplitude Effect on Growth
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