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Advanced digital radio receiving systems have been used with the DoD HAARP high-power high-frequency (HF) radio
transmitter in Alaska to measure the electromagnetic field of stimulated radio emissions from the ionosphere. During the period
of transition of HAARP management from DoD to the University of Alaska, complementary observations were performed at the
EISCAT Observatory in Norway, using the EISCAT high-power HF transmitter and during natural energetic events.

The work falls into the general area of ionospheric remote sensing, focusing especially on the development of new radio
techniques. The ionosphere, which starts at about 90 km, is part of the Earth’s high-altitude atmosphere. The ionosphere
contains free electrons and can reflect, deflect, and scatter radio waves, and can support electrical currents, plasma turbulence,
and radio emissions. These radio emissions and turbulence may be driven by natural energetic particles, and can also be
stimulated using high-power, high-frequency (HF) radiowave pumping (or heating).

In order to study this turbulence we use radio receivers to observe stimulated radio (electromagnetic) waves and powerful
radars to observe enhanced ion and electron (electrostatic) waves. Collaborators measure optical emissions driven by
energetic electrons accelerated by turbulent processes.

Radio systems measure the directionality of stimulated radio emissions versus frequency as a function of angle within and
across the magnetic meridian plane, the polarization state of radio emissions from turbulence, and the growth and decay of the
emissions at sub-millisecond time resolution.

Properties of ionospheric plasma irregularities and turbulence that have been studied through single and multiple-point radio
measurements performed as a part of this project include the polarizations and spatial locations associated with specific
spectral features of the radio emissions, the creation and evolution of artificial descending plasma layers created during very
high-power radiowave transmissions, and the creation and development of the turbulence on short and long time scales.

In August 2012 data were recorded at HAARP in joint experiments at HAARP with colleagues from Virginia Tech and the Naval
Research Laboratory, including students from Interamerican and Virginia Tech. Several new experiments were performed
involving the descending layers and polarization of the pump and stimulated radio waves (O, X, and Z mode waves).

In November and December 2014 data were recorded at the EISCAT observatory in Norway. Measurements were made of
both natural and artificial enhancements.

As a direct result of this work, artificially-excited Langmuir turbulence has been shown by the PI to occur naturally in the
ionosphere. Naturally-occurring turbulence is directly related to artificially-excited turbulence. Langmuir turbulence is a specific
type artificial turbulence known to occur in controlled laboratory and space plasma experiments and thought to occur in other
space and astrophysical plasmas, including the terrestrial magnetosphere, planetary foreshocks, the interplanetary medium, the
solar corona, and pulsar magnetospheres.

The demonstration by the PI, during the course of this project work, that Langmuir turbulence occurs naturally in the ionosphere
is the first proof of Langmuir turbulence occurring naturally in space plasmas.

In its most developed form, Langmuir turbulence contains electron Langmuir modes trapped in dynamic density depressions
known as cavitons. Cavitons have been shown to be artificially produced in the Earth’s ionosphere during high-power
radiowave pumping experiments as deduced from radar spectra.

The earth's ionosphere is now the first space plasma for which conclusive evidence exists of natural cavitation, as a result of
this project.

A topic for future study is the relationship between natural energetic radio events events and naturally-occurring plasma
turbulence. Energetic radio events events are well-known to be related to plasma turbulence created by high-power artificial
radio transmissions. Natural radio emissions are also known to occur, and, when natural cavitating turbulence was identified,
we began work on attempting to determine whether or not a direct relationship between natural plasma turbulence and natural
radio emissions exists. It is hoped that this can will be completed during the course of future work.

In the longer term we would like to apply our new receiver and antenna designs to identifying not only the time and frequency of
the emissions but also their location via radio interferometry and imaging. Measurements by the Pl and collaborators have
allowed determination of the azimuth and elevation angles of the source regions by the phase difference method, which is
related to the methods we have been developing for imaging. Results to date show that different parts of the stimulated radio
emission spectrum are generated in different regions of the ionosphere, possibly in an elongated region along the geomagnetic
field.

This has implications not only for the radio technology involved but also the application of knowledge of plasmas in space, for
both unmanned and manned missions, and for industrial processes and energy production on earth.



The work carried out for this project will directly impact the development of radio systems for observations at HAARP and
related facilities including the EISCAT Observatory in Norway and the Arecibo Observatory in Puerto Rico. These include the
possibility of oblique-angle, full-polarization, direction-of-arrival, and radio imaging measurements.

As a result of knowledge gained during the course of this work, we are planning to install radio receivers at the Interamerican
University campus in Aguadilla, Puerto Rico. Along with receivers at the Interamerican Bayamon campus, the Aguadilla
receivers will observe radio emissions created by the Arecibo high-power HF transmitter and also serve as a bistatic receiving
site for the VIPIR radar located at the USGS observatory in Cayey, Puerto Rico, which is operated by NOAA and the University
of Colorado.

In addition, we plan to use the phase-coherent capability of the receivers to develop a radio imaging capability. With sufficient
resolution the large scale distribution of striations within the HF pump beam will be measurable.

The measurements at HAARP and EISCAT supported by this project have laid the groundwork for future work at HAARP,
EISCAT, and with the new high-power HF transmitter which recently saw first light at the Arecibo Observatory in Puerto Rico.

During the course of this work the Pl has been an invited speaker at a number of scientific meetings (listed in this and past
project reports). During the course of this work the Pl served as an invited member of the National Research Council
committee on the role of high-power, high frequency transmitters in advancing ionospheric research. The committee wrote a
report, which has now been published by the National Research Council and which contributed to the successful transition of
the HAARP observatory in Alaska from DoD to the University of Alaska. The Pl is currently serving as an invited member of the
scientific organizing committee for the session on active space experiments at the 2016 COSPAR General Assembly,
scheduled for 30 July to 7 August 2016. COSPAR is an abbreviation for the Committee on Space Research, and is a part of
the International Council for Science, a multinational scientific organization sometimes described as the United Nations of
science.
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Washington, and Bruhnspace AB, in Uppsala, Sweden. Joint work includes enhancement of company expertise in digital
receiver systems and antenna technology.



