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    Digital radio receivers – multi-purpose 

    SEE
        spectra
        polarization
        direction angle
        imaging
    Radio phase modes – photon orbital angular momentum (OAM)
    Pump wave – verify transmission (time, frequency)
    Radar receiver – HF, ionosonde
    Satellite beacon scintillation receiver – VHF/UHF
    Natural radio emissions – unclamped pump, wide bandwidth
    



Digital radio receivers
Wide band
    high-speed data transfer
Multi-channel
    four or eight channels
Coherent
    coherent operation at multiple sites
Low-maintenance 
    easily configurable, unattended operation, remotely controllable
    modular, identical swapable parts



Radio emission measurements
Single site
    stimulated radio emissions (SEE)
    power (time, frequency)
    polarization (time, frequency)
Single site – coherent receivers
    direction angle
Multiple sites
    aspect angle dependence 
Multiple sites – coherent receivers
    imaging
    radio phase modes (photon orbital angular momentum)



Swedish Institute of Space Physics (Bo Thidé et al., 2006-present)
12 receivers
4 channels per receiver
16-bit ADC, 125-MHz sampling
control and data via Ethernet (two 1-Gbps lines)
coherence via GPS with advanced processing (Thidé et al.)
produced by BitSim AB, Stockholm, Sweden

Scion Associates (Bob Livingston et al., 2010-present)
8 receivers
8 channels per receiver
16-bit ADC, 100-MHz sampling
control via USB-2, data via USB-3 (5 Gbps) or Thunderbolt (2x10 Gbps)
coherence via GPS-disciplined rubidium (frequency accuracy ±1×10    )
produced by Scion Associates, Port Townsend, Washington, USA 

Collaborations for receiver development

−8



Schematic of SEE spectra
Schematic diagram of SEE spectra for 
variations in HF pump frequency relative 
to the gyroharmonic frequencies (n > 3). 

Note the asymmetries in the individual 
spectra as well as in spectra above and 
below the gyroharmonics.

Adapted from Leyser (2001)



SEE spectra observed at Sura

Frolov et al. (2001)



4414 P. A. Bernhardt et al.: HF pumped stimulated Brillouin scatter

Fig. 4. Stimulated electromagnetic emission spectra for a 5.6MHz
pump wave pointed toward the magnetic zenith from HAARP. A
down shifted SBS-2 line may be masked by the low-frequency side
of the strong SBS-1 line.

at 19:35 and 20:00UT on 24 October 2004 were analyzed
to provide true height profiles of the bottomside ionosphere.
Linear interpolation of the ionogram data was used to pro-
vide the family of profiles illustrated in Fig. 5a. The plasma
layers are stable below 170 km altitude over the 25min of the
ionosonde measurement. Above 170 km, the F-layer densi-
ties are increasing causing a small amount of increase in the
bottom side gradients between 170 and 190 km altitude. The
ionogram data indicates that the F-region ionosphere was sta-
ble between 19:40UT and 20:00UT during the time of the
high power radio wave experiments. The accurate electron
density profile is essential to aid the determination of the al-
titude of the HF interactions in the plasma.
The magnetic field in the ionosphere is needed to de-

termine the wave propagation characteristics of the mag-
netized plasma. The International Geomagnetic Reference
Field (IGRF) model provided the magnetic field strength and
direction in the upper atmosphere over HAARP. The mag-
netic field near the HF reflection altitude is estimated to be
|B|=5.205×10−5 Tesla with a dip angle of 75.5 degrees.
The electron-ion and electron-neutral collision frequencies

can affect the amplitude of the electromagnetic pump wave.
The electron-ion collision frequency is calculated from the
ion densities using the standard formula from Goldston and
Rutherford (1995)

νei =
√
2nie

4 ln�
12π3/2ε20

√
meT

3/2
e

(1)

where ni is the ion density (equal to the electron density from
the ionosonde), Te is the electron temperature in energy units
(Joules) and ln�=14 in the ionosphere.
The NRL-MSIS00 model was used to estimate the neutral

densities in the upper atmosphere over the HAARP transmit-

Fig. 5. Altitude profiles for (a) measured electron density profiles
and (b) estimated electron-neutral (νen) and electron ion (νei ) col-
lision frequencies for the period of the ionospheric modification
experiments. Ionograms taken at 19:35 and 20:00UT were ana-
lyzed and interpolated to provide the electron density profiles and
electron-ion collision frequencies. The NRL-MSIS00 model pro-
vided the neutral densities for the estimates of νen.

ter. These densities are converted into electron-neutral colli-
sion frequencies by the formula from Yeh and Liu (1972)

νen = 8.88×10−5�Te(nO2 +nN2 +2nO) (2)

where Te is the electron temperature (again in Joules),
nO2 ,nN2 and nO are the molecular oxygen, molecular nitro-
gen, and atomic oxygen densities in m−3, respectively and
νen is in s−1. The electron-neutral collision frequencies dur-
ing the October Period of 2008 (Fig. 5b) are very low be-
cause of low neutral densities during the current solar mini-
mum period. Near the reflection altitude, estimated value of
νen is 128 s−1 and νei is 222 s−1 giving a total electron col-
lision frequency of νeT =350 s−1. In addition, D-region ab-
sorption by electron neutral collisions during the daytime or
during times of strong electron precipitation can significantly
reduce the intensity of the pump wave before it interacts in
the F-layer.
The next step is to derive a theory for stimulated Bril-

louin scatter (SBS) in a magnetized plasma. Previous work
on SBS dealt with laser-plasma interactions where the back-
ground magnetic field plays an insignificant role in the SBS
process. The basis for SBS is the parametric decay of an
electromagnetic pump wave into an ion acoustic wave and a
backscattered EMwave. The ionosphere has a strong enough
magnetic field to affect the propagation of both electromag-
netic and the ion-acoustic waves. The matching conditions
for production of SBS are derived in the next section.

4 Wave matching conditions for Stimulated Brillouin
Scatter in magnetized plasmas

Narrowband sidebands near the transmitted electromag-
netic pump wave are thought to be produced by stimulated

Ann. Geophys., 27, 4409–4427, 2009 www.ann-geophys.net/27/4409/2009/

SEE features 
close to 
the pump

SBS
(stimulated 
Brillouin 
scatter)

EM => IA + EM

few Hz offset
from pump
frequency

Norin et al. (2009), Bernhardt et al. (2009)



Comparison with theory: Results and predictions
New simulation codes include EM emission
    fluid, kinetic, particle, hybrid, ...
    1-D, 2-D, and 3-D

Few if any citable predictions, e.g.:
    Scales et al. (1997): qualitative similarity with observations
    Mjølhus (1998): consistent with observations
    Xi and Scales (2001): exhibit many properties of observations
    Eliasson and Stenflo (2010): spectra agree with observations

SEE experiments lead theory...
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Radio observations with new Arecibo HF

San JuanBayamón

Ponce

Mayagüez

Arecibo

Caribbean Sea

Atlantic Ocean10 km (6.2 mi)

Arecibo Observatory

radio imaging array

Interamerican University
Bayamón campus

Interamerican University
Arecibo campus



Arecibo:
aspect angle array

220 km, 39°
580 km, 17°

50 km, 74°
160 km, 48°

Radio aspect angle array
for Arecibo HF experiments

 0 km, 90°

Arecibo
Bayamón

Saint Croix
Culebra



Polarization:
multi-channel receivers

and electric triad antennas

Thidé, Bergman, Isham, et al.



Magnetic 
triad 

antenna

Thidé, Bergman, Isham, et al.



SEE 
polarimetry

Carozzi et al. (2001) figure 1
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SEE polarimetry
measurements

at Sura

Carozzi et al. (2001) figure 12

fpump > 4fce

fpump < 4fce



Radio direction-finding

Channel 2

Channel 3 Channel 4

Channel 1
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Dartmouth College
direction-finding array

Toolik Lake, Alaska
August 2006
(photo by Nick Bunch)



Direction angle of 
stimulated

radio emissions
(SEE)

Broad upshifted
maximum (BUM1)

0 to +100 kHz from
5.423-MHz pump

(~ 4 fce)
2 min on, 2 min off

HF: 14.0°S, 17.5°S
BUM1: 16°S, 20°S

Ramfjordmoen 
5 October 2004

10:55 to 11:05 UT

Power

Coherence
North-South

Coherence
West-East

Coherence
West-South

Elevation

Azimuth

Isham et al. (2005)



Tereshchenko et al. (2006)

Pump angle 
relative to 
geographic 
zenith:

pump beam

emission 
region

7 degrees

21 degrees

Location of downshifted peak (DP) for pump beam at 0°, 7°, 14°, and 21° S
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Radio 
imaging 

array6 
km

Gulkana

Gakona



3 blobs
Simulated 1-D radio image

Belyey and Isham



Photon orbital angular momentum (radio phase modes) at HAARP 

Leyser et al. (2009)



Mohammadi et al. (2010)

Radio Phase Modes

MeasurementTransmission
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Observations of natural radio emissions



Summary
New digital receivers
Aspect angle
Polarization
Direction finding
Imaging
Radio phase modes
Start simply, add complexity
Outside of HF campaigns, extend Dartmouth network

Collaborations in the use of the receivers are welcome!
Contact Brett Isham at <brettisham@gmail.com>
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