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Detector for the Universe’s Most Energetic Particles, for your review. This request represents a
top institutional priority for the University of Utah and has been endorsed by the University’s
W.M. Keck Advancement Committee.

The University of Utah is deeply committed to cultivating an academic environment rooted
in the highest standards of intellectual integrity and scholarship. This project, at its core, reflects
this commitment and enhances the academic capacity of the University beyond just the sciences.

By allowing students and researchers the opportunity to explore the application of novel
technologies to one of the most pressing problems in fundamental astrophysics — the origin and
nature of the highest energy cosmic rays — the University continues to contribute to and expand the
larger arena of academic inquiry.

The W.M. Keck Foundation is known and admired for its support of bold endeavors to
advance scientific knowledge. The University of Utah would be honored to partner with the
Foundation on this important project. I fully endorse the submission of this proposal to the
Foundation.

As always, we are deeply grateful for the Foundation’s tremendous support for the

University and for your consideration of this proposal.
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Michael K. Young
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Organization: University of Utah

Project Overview
Research Programs

Project
Objectives/Aims

Implementation Timeline

Confirm results of Long Island pilot studies using a low power (700 W) transmitter
under our control and a more capable conventional cosmic ray detector (the Telescope
Array).

First half year one: Install and commission low-power transmitter equipment at Millard County Cosmic Ray center in
Delta, Utah. Install crossed dipole antenna adjacent to Telescope Array (TA) site. Develop “pipeline” for processing
recorded data, identifying coincidences with cosmic ray detectors and categorizing events.

Accumulate cosmic ray radar echo “event” statistics, in order to understand energy
thresholds and geometric effects.

Second half year one: Collect and analyze low-power data. Perform offline studies relating cosmic ray energy, core
location, and geometry (as determined by TA detector) to strength, duration, and detection efficiency of radar echoes.
This process will be repeated with successively higher power transmitters in years two and three.

Develop the infrastructure and expertise required to operate a high power (20 kW)
radar transmitter.

Second half year one: In parallel to collecting data with low-power transmitter, begin work with transmission engineer
on installation of 2 kW system and antenna mast. The goal is to commission this transmitter by the end of year one.
Year two: Work on installation of 20 kW transmitter, with the goal of completion by the end of year two.

Develop equipment for multi-antenna receiver stations and offline reconstruction
techniques to determine cosmic ray airshower geometry and longitudinal profiles from
radar echo information.

Year 1: Take data with crossed dipole antennas and GNU radio receivers. Study Doppler shift effects by comparing
data collected in multiple frequency bands to calculations. Year 2: Develop multi-antenna receiver station to apply
interferometric techniques. Year 3: Deploy an array of multi-antenna receiver stations to cover a substantial portion of
the Telescope Array active detector area.

Evaluation: Present results of studies to external advisory committee at end of years 1, 2 and 3.




Project Abstract

Earth is being bombarded by energetic cosmic radiatioelylikreated in the Universe’s most
violent processes. Current understanding of cosmic raygsdrom detectors covering thousands
of square kilometers of the Earth’s surface and costing éémsillions of dollars, thus the sheer
scale of these observatories is becoming a limiting factaur understanding. We aim to develop
a technique in which a portion of the Earth’s surface is “cedéremotely, by an array of antennas
detecting the radar echo of cosmic-ray induced plasmatrahis will allow high energy cosmic
ray research to proceed into the next generation of seitgitinder the support of the Keck
Foundation we will test the bistatic radar technique withoaated television transmitter and an
array of radio receiver stations operated in coincidendé tie Northern Hemisphere’s largest
cosmic ray detector, UtahBelescope Array Bistatic radar has been successfully employed in
the study of micrometeorites, and our preliminary measerégmindicate that western Utah is
an ideally radio-quiet location. But differences betweegromneteorite and cosmic ray-induced
atmospheric plasmas including altitude, duration, an@gpeatroduce high-risk uncertainties into
the outcome of our efforts. A funding source able to suppesearch in the face of these risks is
essential to realizing this new cosmic ray detection paradi



Executive Summary

Methodology/Implementation: A cosmic ray observatory based on the bistatic radar teakeniq
requires the development of both a powerful transmittefiastaand a sensitive receiver scheme.
The transmitter must be sufficiently powerful that the ragleimoes produced by the cosmic ray
ionization, or “extensive air shower” will stand out well@ae both galactic and anthropocentric
sources of radio noise. The receiver must be capable of tptetecting the echoes, but of recon-
structing astrophysically interesting properties of tha@dent cosmic ray such as arrival direction
and air shower size and shape.

The commissioning of the transmitter station will be strdéigrward, given the generous dona-
tion of powerful 2 kW and 20 kW transmitters by Salt Lake Citg9 TV Channel 2, and contacts
we have already made with transmission engineers involvdmbih the design and operation of
the transmitters we have in hand. We have obtained an expetain-CC license to broadcast at
54.1 MHz at low power (up to 700 W), and obtaining a higher polieense will not be a prob-
lem due to the recent vacancy of the low-VHF band. The Unityeos Utah owns a building, the
Millard County Cosmic Ray Center in Delta, Utah, with sufficiepase to house our transmitter
facility and adjacent land suitable for installation of artsmitting antenna mast. We have obtained
clearance from Delta city authority to construct the antemast and operate the transmitter.

A more challenging aspect of the project lies in the develepinof receiver stations, data ac-
quisition, and offline analysis schemes capable of idengfyand reconstructing the properties of
cosmic ray air showers. Although bistatic radar has sutalysbeen employed in tracking aircraft
and meteors, there are key differences between trackirsg thigects and tracking developing air
showers. The air shower signals are short-lived: appraeip&0 microseconds in duration. The
sampling rates required to extract the necessary infoom#&tom such signals can result in poten-
tially unwieldy data volumes, if the data cannot be filtenedaal time. An added complication is
that the high speed of the developing showers may resultistantial Doppler frequency shifts of
10 MHz or more. Receivers capable of covering such a wide baitl\are approaching the limits
of currently available technology.

We will develop the bistatic radar observatory in three esagach stage lasting approximately
one year. In each stage, we will aim to advance both the tridtirsgrand receiving components of
the observatory. IStage Ongwe will deploy a low-power (700 W) transmitter with a convenal
rooftop Yagi antenna. We will chiefly be concerned with ebshiing and characterizing a cosmic
ray signal, which will be confirmed with the co-located Telgse Array, a conventional cosmic
ray observatory. On the receiver end, we will compare theaese of various antenna designs and
begin developing software tools for the software-definedJGBdio receiver system.

In Stage Twowe will begin commissioning of the 2 kW transmitter, whichllvalso require
erecting a standalone mast for the transmitting antennaswM/continue to develop the GNU
radio software, and begin working with multi-antenna reees for interferometry.

Stage Threawill see the deployment of the 20 kW transmitter, using theedransmitting
antenna as the 2 kW system. Thirteen multi-antenna recsiagons will be deployed in order to
demonstrate the feasibility of a full-scale cosmic ray osry based on the radar technique.



Key Personnel: The principal investigators, their expertise and roleh@roject are as follows:

e John Belz (Project Leader) has 15 years experience in exgetainparticle physics and 12
years in cosmic ray physics, and has been investigatingsthefuradar in observing cosmic
rays for two years. John will serve as project manager, sigeetransmitter deployment and
facilities maintenance. He will supervise one postdodt@iéow, one graduate student and
two RF engineers.

e Behrouz Farhang-Boroujeny is a professor of electrical exeging with a general interest
in applying signal processing to communications. He hagdesearch in the area of adap-
tive filter analysis and algorithm design and signal proogstechniques in magnetic and
optical recording. He is the author of a book on signal prsicgswith software defined
radio. Behrouz will supervise a student and focus on devetppode for GNU radio, signal
recognition and online filtering of data.

e Pierre Sokolsky has 29 years experience in cosmic ray phyisie won the 2008 Wolfgang
Panofsky Prize in experimental particle physics for hisknardeveloping the nitrogen flu-
orescence technique for reconstruction of cosmic ray awshs. He will serve as senior
advisor to the project and participate in data analysis.

e Helio Takai has 24 years experience in experimental hightggnphysics, and has been
searching for the radar echoes of cosmic rays since 2005hatMARIACHI project. Helio
will supervise a student and investigate receiver anteandseceiver station hardware, and
also work on the simulation of radar echo signals.

e Gordon Thomson has 25 years experience in experimentatlpaohysics and 11 years
experience in cosmic ray physics, and has been investigdtanuse of radar in observing
cosmic rays for three years. He is an expert in analysis @sbtelpe Array surface detector
data. Gordon will supervise a student and focus on the asalfslata.

Additional personnel include Isaac Myegsaduate student, Utghhree undesignated graduate
students in physics and electrical engineering from Utale; undesignated postdoctoral research
associate from Utah; Gregory BeRf- Engineer, Consultan®illiam RamsayTransmission Engi-
neer, KUTV Channel;2and the Telescope Array Collaborati@d, institutions and 119 physicists

Budget: The total cost of the project is $1,456,985, of which we ageiesting $899,750 in support
from the W. M. Keck Foundation. The project will also benefiirh the donation of $290,000 in
radio frequency transmission equipment from KUTV Channeh Balt Lake City, and benefit
from existing University of Utah infrastructure. Severékioe investigators are also recipients of
$270,000 in National Science Foundation (NSF) grants asehfor pilot studies in this field.

Of the Keck Foundation support, $424,810 will be for persgmsupport including one month
each for two Principal Investigators, a postdoctoral felk;md two graduate students. Two addi-
tional students will be supported by the NSF. $289,740 istpripment, including modifications
and additions to University of Utah facilities to accomaal#ie transmitter and receiver stations.
Operations costs totalling $185,200 include travel expengunds for support of consulting RF
engineers, electrical power and satellite internet comoations.



Project Narrative

1 Introduction

Understanding the sources and chemical composition of th& energetic extraterrestrial radi-
ation or cosmic rays is a major thrust of current astroplatsiesearch. Particles with energies
far exceeding what is believed possible through supernoveksacceleration regularly strike the
Earth from within our galaxy and beyond. Understanding thgimes of these particles will require
accurate models of the most violent processes in the umivers

The study of high-energy cosmic rays is also a field of studyireng financial and manpower
resources on a scale colloquially known as “big science’e fidason for this is contained in the
cosmic ray energy spectrum itself, illustrated in Figurdett panel). The spectrum is known to
approximately follow a power law, in which the flux of pargel incident on the Earth falls off
as1/energy®. Thus at the highest energies, detectors with aperturesrafreds or thousands of
square kilometers are required in order to obtain reasera@nt rates. For example, the two
largest detectors now in operation, the Telescope Arraf{Jigh), and the Auger Observatory [2]
(Argentina) utilize ground arrays covering 800 kand 3,000 krirespectively. Absent new tech-
nologies, the costs required to build observatories aifsigntly higher sensitivity are prohibitive.

There is therefore a strong incentive to develop detectiethods which can cover large areas
of the Earth’s surface without requiring the detectors tbelwes to physically occupy a large area.
One such techniqgue which has been pioneered at Utah is tloee'lcence” method, in which light
from molecular de-excitations within the extensive aingapo(EAS) is captured by fast ultraviolet
cameras many kilometers distant. This technique is limite@ever in that fluorescence obser-
vations are only possible on clear, moonless nights, gooreting roughly to a 10% duty cycle.
Further, atmospheric scattering and absorption of UV lighit the seeing distance of fluorescence
detectors to less than about 50 km.

Recently, there has been interest in exploiting the Radiouerey (RF) portion of the elec-
tromagnetic spectrum for this purpose. This is possibl@abge ionization densities of the order
of 10'* m=3 can be reached in the shower core forfan= 10'® eV primary cosmic ray. At this
ionization level the plasma frequency is roughly 50 MHz (esponding to the low-VHF). Near
this frequency the plasma will reflect radio waves. Providadkgrounds are sufficiently low,
EAS ionization is detectable using radar techniques touwcapeflected RF radiation. This tech-
nigue can be used 24 hours a day, in a sufficiently radio-gmetonment. Since radio waves are
only weakly absorbed by the atmosphere, reflected radio swese be observed over distances of
hundreds of kilometers.

In this proposal, we seek to advance the radar technique kinghase of an analog television
transmitter donated to the University of Utah by Salt Lakey€iKUTV Channel 2. We will
build a transmitter station at the Millard County Cosmic Rayteerwhere it will illuminate the
sky above the Telescope Array surface detectors and allowltsineous detection of cosmic ray
air showers by conventional and radar techniques. The saofpdvents thereby detected will
facilitate further study of radar models as well as enablkgeustanding of energy thresholds and
geometrical resolutions.
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Figure 1: Left: The cosmic ray all-particle spectrunRight: Recent HiRes results [3] on depth
of mean shower maximunk,,,., compared with the predictions of CORSIKA [4] using the
QGSJET1 and QGSJET2 high-energy hadronic models. A mgan of 770 g/cni at 10!° eV
translates to a mean height above ground at Telescope Atitayles of approximately 3 kilome-
ters.

2 UHECRSs and Extensive Air Showers

Modern observatories studying Ultra-High Energy Cosmic REN$ECR) primarily make use of
two technologies. Both of these technologies rely on makmaigréct inferences about the nature
of the primary cosmic ray by observation of the EAS which thiengry cosmic ray triggers in the
atmosphere. The surface detector techniqgue makes usetliaitir or Cherenkov detectors to di-
rectly observe those shower particles which arrive at tbamgl. The fluorescence technique traces
the full development of the shower via the nitrogen fluoreseeexcited by the charged particles
in the shower. The Telescope Array in Utah is an examplehytaid observatory employing both
the surface detector and fluorescence fetector techiqunestaneously.

The surface detector technique, while directly detecthmmer particles, suffers from several
shortcomings. Surface detectors are only sensitive ticpegistriking the ground. Full reconstruc-
tion of air showers including such parameters as primaryggneand shower maximumX,,...)
relies on model-dependent assumptions about the shoversétves. Finally, the sensitivity of a
surface detector is ultimately limited by the area of thetlEsusurface which it is financially and
practically feasible to instrument.

The nitrogen fluorescence technique directly addresseag thiortcomings. The full shower
development is observed in fluorescence light, which is kntmbe proportional to the energy de-
posited by the shower [5]. Thus there is minimal model depand in determining the air shower
energy orX,,.... Further, detection of nitrogen fluorescence is a remotsiggrechnique as air
showers may be observed from distances approaching 50 kmajér mirawback to fluorescence
detection is that it can be employed only on clear moonlegitsj resulting in a duty factor of
approximately 10%.

Over the past several years, new techniques have also bgplaitiag the Radio Frequency
(RF) emissions of EAS with ground arrays consisting of radiceivers sensitive to downward
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directed emissions [6, 7, 8]. These arrays however face roatlye same drawbacks as more
traditional ground arrays, particularly in that they stélquire the full aperture on the ground to
be instrumented. The radar detection of UHECR induced EAS=hienhas promise as a remote
sensing technique without the inherent limitations of a 1@y cycle. In the sections which
follow, we outline the physics behind this technique, theults of preliminary feasibility studies
and a plan for full development of the radar technique in wociion with the Telescope Array
observatory in Millard County, Utah.

3 Theory of Radar Detection of Cosmic Ray Air Showers

The concept of radar detection of EAS was introduced in thg @840’s by Blackett and Lovell [9]
and has been revisited over the years [10, 11]. Conceptir@hethnique is simple. Particles with
energy larger tham0'” eV produce large primary ionization densities that wouldlttsr electro-
magnetic waves up tp ~ 100 MHz permitting their detection. The scattered amplitudeniswn

to be greatest in the forward direction (see below), thuselie\e that the best chance of observing
air showers by radar lies with the use of thistaticor “two station” technique.

3.1 Bistatic Radar

Figure 2 (left panel) is a comparison of two calculationsexfaived power for scattering off of a
cylinder 40 m long (corresponding to the free electronilifief) and 10 m in diameter (correspond-
ing to the dense plasma region of a high-energy airshowemné case (points) we integrate the
contributions of a series of two nanosecond “slices” of flender. In the other case, the cylinder
is taken as a whole and the radar cross section of the objtdtas from the scattering approxi-
mation given by Glaser [12]. No normalization has been peréa between the calculations. The
two calculations are in reasonable agreement, and both alstnong peaking of the RCS at angles
within 15° of the forward direction. This result is the essential metion for the bistatic radar
technique.

The bistatic radar technique is upon first considerationteggimilar to the radar detection
of meteors [13, 14, 15], and one can use this fact as a stgyting in understanding the radar
response of cosmic ray air showers. However, ionizatiodyred by cosmic rays will happen at
much lower altitudes than that produced by meteors. EAS#&fyiform at less than 10 km above
sea level and meteor ionization occurs at altitudes aboven80At air shower altitudes below
10 km the plasma lifetime is expected to be less than 100 rjs [16

3.2 Estimates of Received Power

To evaluate the signal strength we integrate the contohufiom each segment in the shower
making an assumption that all electrons are concentrataaytinder along the shower axis. The
initial power from a small cylindrical section is given by:

kPrGrGro.sin?y qds

APy =
f 6473 R2 R

(1)
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Figure 2:Left: Forward scattered power for an ionization cylinder of 10emetiameter and 40
meters long. Dashed line is for a geometrical optic caloutatising Reference [12]. Dashed
lines are results from a Thomson scattering calculationrevia$t the phases were taken into ac-
count. A considerable enhancement is observed at forwaedtdins {(80°). For this calculation
the transmitter power is 2kW, and the antenna gains are 10 Rigiht: Calculation of received
power (referenced to milliwatts) for air showers initiateg 10%° eV (solid), 10! eV (dashed),
and10'® eV (dot-dashed) primary cosmic rays. See details of theutalon in the text. The red
(dot dashed) line is 5 dB above galactic background noisg §ldonservative threshold for signal
detection.

where Py is the transmitter powe€; and and~ z and the transmitter and receiver antenna gains,
o. is the single electron Thomson cross sectidn;y is the polarization at the receiver,is the
value for the electron number densifyz and R the distance from the receiver and transmitter to
the scattering point; is calculated using the NKG shower parameterization [1Bah8 assuming
that every track ionizes air in the minimum ionizing regime.is the attenuation factor due to
multiple scattering of electrons by neutral moleculesneated following K. Suga [10]. The elec-
tron density will diminish because of the large attachmeoss section to molecular oxygen. We
take values given by Vidmar [16] that are strongly dependerdltitude. To integrate we take into
account all geometrical phases and phases due to the ttgrsior the integration we assume the
TA geometry of 50 km baseline. The transmitter power is agglta be 20 kW, and the antenna
gains 10 dBi and 17 dBi (directional Yagi with ground reflect@3pectively for transmitter and
receiver.

We integrate the contribution of each segment numericaiggisegments df ns that is ap-
proximately 1/10 of the transmitter frequency, 54.1 MHz.eTresulting waveform is then seg-
mented inl us bins and power in each bin extracted. To estimate noise, @@ slg/ temperatures
given by Cane [17]. This is a good assumption for the locatiothe TA, it being a remote site
and free of anthropogenic noise with the exception of thellaion itself. The results are shown
in Figurel 2, for showers inclined d6°. The red line shown in the graphs are located at 5 dB
above the background noise, and we consider signals abvini to be detectable. Therefore
we conservatively estimate that the detection threshdld<ds0'® eV.



3.3 Doppler Shift of Received Signal
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Figure 3:Left: Spectrogram of “chirp” for simulated airshower, initiateglvertical 10 EeV cosmic
ray midway between 54.1 MHZ transmitter (TX) and receiver JR¥cated 50 km apartRight:
“Doppler” shifted frequency at height of mean shower maximigreatest return power) versus
angle for 10 EeV showers midway between TX and RX. Angles irties) and out (triangles) of
TX-RX plane are considered, a positive-angled shower hasptsiclined towards the TX.

In the detection of bistatic radar reflections from airshimya complication arises due to the
large (essentially that of light) speed of the developingwar. One can consider the shower as a
series of segments, each segment deflects unique rays feamattsmitter towards the receiver in
succession. Due to their rapidly changing path lengthsretaive phase of successive rays at the
receiver will evolve with time. This time-dependent phalsange manifests itself as a Doppler-like
shift in frequency from the transmitter output.

This effect has been considered before [20]. Here, we prdékernresults of our own cal-
culations. Figure 3Iéft) is a spectrogram (power spectrum versus time) of a radar effrof
a simulated 10 EeV vertical shower lying midway between d 3Hz transmitter and a re-
ceiver separated by 50 km. The shower evolves longitugimaltording to the Gaisser-Hillas [21]
parametrization. The atmospheric ionization is assumgaetsist for 10 ns to 40 ns (dependent
on altitude [16]) after passage of the shower. The simulalows the expected signal is a down-
ward chirp covering 30 MHz in approximately 15 microsecqnagh peak signal at airshower
maximum occurring at roughly 60 MHz.

The frequency shift will of course be geometry dependenillastated in Figure 3right).
Plotted are received frequencies at airshower maximumasciién of angle of track, both in and
out of the transmitter-receiver plane. In the zenith anglge where the Telescope Array surface
detector reconstructs air shower characteristic bestywbabout40° zenith angle, Figure 3 shows
that the largest radar reflections will occur with shiftsvee¢n 55 and 75 MHz. Clearly it will
be necessary to operate our radio receivers at bandwidtesicg tens of MegaHertz in order to



reconstruct the airshowers producing the echo, and mealgparsification will be needed in order
to reduce data volume to reasonable levels.

4 Results of Preliminary Studies

In this section, we report on preliminary studies conduatedong Island, New York and Millard
County, Utah. The focus of the Long Island studies was to usengercial television signals as
a radar source, along with an array of high school cosmic edgators, in an attempt to confirm
the detectability of EAS reflections with a conventionalroasray detector. In Utah, we aimed
to characterize the radio environment of the west deseat, ameorder to assess its suitability for
further radar studies.

4.1 Measurements in Long Island, New York

The MARIACHI [22] experiment was set up to test the concept afigiforward scattering radar
for the detection of ultra high energy cosmic rays. To présedoncept, parasitic forward scatter-
ing radar stations together with 12 mini-shower detectasevget up on Long Island, New York.
The key concept for the proof of principle is to detect simnéously a radio echo and an extensive
air shower by conventional means.
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Figure 4. Left: The MARIACHI experiment. Small shower detectors are usedgdha presence
of showers while Radio Cosmic Ray Scattering (RCRS) stationslistéorward scattered echo.
Typical distances between RCRS stations and scintillator® i® 480 km. Right: Histogram of
events found in coincidence with the scintillator sites jmeaiod of 2 weeks. The offset from zero
is due to data acquisition timing issues.

With the MARIACHI geometry Channel 4 analog (67.26 MHz) provdgood illumination
from a few kilometers above sea level to an estimated 120 kma.closest stations were in Pitts-
burgh, PA and Chapel Hill, NC, both with a nominal 100 kW powénvbich 25% goes into the
VHF carrier itself.



The mini shower detectors are five sets of scintillatorseaaat high schools. When a 4-fold
coincidence is detected the event time is recorded using@&cBiek. The time accuracy for the
GPS clocks is 100 ns and the units purchased are specifieaigroed for time tagging. The radar
station is two inverted VEE dipoles placed orthogonal tdheztber to obtain direction information,
albeit with ambiguity. Each dipole arm is fed into a commakaiarrow band PCR1000 receiver
and recorded using a high end sound card.

The MARIACHI experiment collected data with a radar stationhat Custer Institute and 5
scintillator stations for a total of 8 weeks. The radar stativas located 40 km from the closest
shower station and about 70 km from the furthest. For theyaisadequence we opted for searching
for coincidence signals using the GPS timing informatiamfrthe scintillators.

The procedure to search for signals used the times giveretshibwer array as an offline trigger
for the radar stream. With a pulser system we verified thatdipole system has directionality
as expected for a simple dipole system. For each showertaetdotne a window of+1s was
examined in the radar stream for the presence of a signal.

The search for coincidences was done for a period of two wesle the system was con-
sidered to be running at its prime. Data for other periods aestibned above exist but a better
understanding of calibration issues is required. Thesedsltluster at an average distance of
60 km to the location of radar. Because the scintillator enéngeshold is low, we scanned for
about 30,000 triggers and found 10 events that satisfiedrésepce of a signal that matched ex-
pectations. With one exception, the observed signals aotuatered (See Figure 4, right panel)
at 50 ms prior to where the coincidence would be, at zero. This time lag is due to the data
acquisition system that takes on average that amount oftonséart recording data. The events
found vary in duration which is translated to a characterisequency response. These events
constitute a rate of approximately 0.7 events per day. Fareshold energy of x 10 eV we
expect a coincidence rate of 1 per day. We hand-surveyed how many cosmic ray like signals
per hour we would expect, and determine that we have an adaid®incidence rate of approxi-
mately 1.8 events in the period of 2 weeks. We conclude thdtave seen approximately 8 “true”
coincidences between scintillator and radar.

It is possible to infer the signal bearing based on the sgyolbserved at both dipoles with the
caveat that a single dipole system does have ambiguities.abkence of stations to the east of
the radar station reduces the ambiguity to two quadrants aNWSW. Unfortunately it is difficult
to eliminate either because there are equal number of ssaitioboth. However, if one arbitrarily
neglects the NW direction the estimated bearing angleseo® ttiustered events point towards the
trigger scintillator station withint5°. The event al\t = +0.15 seconds wa$5° from the nearest
scintillator station.

We have observed coincidences for a class of events thatassifgl as cosmic rays based on
hardware simulated signals. The coincidences are obseatagen any of the 5 scintillators and
the radar station at the Custer Institute that is located enage 60 km from the scintillator sta-
tions. There is also indication that the signal bearing waualint towards the trigger scintillator. In
spite of these evidences we are at this point unable eitimdirocoor dismiss these events as cosmic
ray echo. The fact that coincidences exist is an indicatian signals were generated at the same
time and it could be generated by other means, e.g. sharhgétin the power grid. To pursue this
research further in the urban area which profits from the dhnee of TV and FM radio stations,
a minimum of two radar stations would be required. At the séime careful monitoring of other
electromagnetic events via e.g. VLF or direct line moniignwould be desirable. However, a bet-
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ter strategy is to attempt the detection of coincidencesdet radio echo and cosmic ray shower
at a well established cosmic ray experiment such as thectglesArray.

4.2 Measurements in Millard County, Utah
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Figure 5: Radio frequency background, as measured with arfeglt Yagi antenna antenna lo-
cated at the Millard County Cosmic Ray Center, pointing due EHsis is roughly the direction
a receiver station placed at Long Ridge would face overlapkive TA surface detector. See
text for measurement details. The radio skies over TA anemély quiet in the low-VHF band,
particularly since analog-to-digital switch in June 2008pikes” in the background starting at ap-
proximately 88 MHz are FM radio stations. The largest, at98Hz is a 500 W translator station
71 km distant, for which line-of-sight is obscured by temtai

The focus of studies in Utah thus far has been to charactér&zelectromagnetic noise envi-
ronment in the low-VHF frequency range, in order to detemrtime suitability of Millard County
for the development of the radar technique.

The ideal geometry for the detection of cosmic ray air shewseone in which the atmosphere
a few kilometers above ground is illuminated by the RF soupogthe receiver antennas on the
ground are shielded from direct signals by mountains or tireature of the Earth.

Long Island is situated in a relatively flat region where Bamtirvature effects dominate and
there are abundant suitable RF signal sources. Millard Cpolitgh and the Telescope Array
observatory sit at the bottom of a geographic “bowl” ringgdnbountains up to and exceeding
3 km MSL. RF stations and repeaters within the bowl tend taorihate the ground within the
bowl, and hence our receiver antennas as well. Transmiteased outside the bowl illuminate
the sky tens or hundreds of kilometers above ground leveh@uat shower maximum.

As a consequence, since the low-VHF portion of the spectras wacated in the analog to
digital television conversion of June 2009, the skies invieenity of the Telescope Array are ex-
tremely radio quiet in the 50 MHz band. This point is illusér with data we collected during
summer 2009, which is shown in Figure 5. A broadband Yagi Amég23] was pointed in an east-
erly direction, and its signal was read out using a Unive8sdiware Radio Peripheral (USRP) [24]
device with a clock rate of 64 MHz. An FPGA operating as a digiown-converter (DDC) deci-
mated the sampling by a factor of eight, corresponding tg#adibandwidth of 8 MHz being read
out by PC. The USRP was set to sweep in 2 MHz steps, sampling feeddnhds per step, and in
the PC an FFT is applied to each sweep. The data is then ‘&titdbgether to achieve the full
spectrum shown.
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Figure 6: Map of Telescope Array (TA) site and proposed radaervatory. Points represent TA
Surface Detectors (SDs), red squares represent TA Fllames®etectors (FDs). The transmitter,
operating under FCC license as station WF2XHR will be locatatieMillard County Cosmic
Ray Center in Delta, Utah. The initial receiver station willlbeated at the Long Ridge FD. The
shaded ellipse region shows the region in which forwardeag will produce the largest bistatic
radar signal.

With the exception of the FM radio signals (the largest is @ ¥) 93.7 MHz FM translator
71 kilometers away in Nephi, Utah which is blocked from limiesight by terrain) beginning at
about 88 MHz, Figure |5 shows the low-VHF environment in MillaCounty to be very quiet,
and ideally suited to radar studies with a controlled trattemlocated with in Millard County,
operating in this frequency regime.

5 Scope of Proposed Research

Under the proposed grant we will seek to validate the bistatdar technique for cosmic ray
airshower detection, by installing a series of succesgikgher-powered low-VHF transmitters
in the vicinity of the Telescope Array surface detector agdlbploying receiver stations on the
far side of the array (Figure 6). The objectives are to dettar signals in coincidence with the
surface array, test models of received power and frequessponse, and to learn to use bistatic
radar reconstruction techniques to find air shower posigeometry, and longitudinal profiles.



5.1 Transmission Facility

The Millard County Cosmic Ray Center (CRC) is a 4,000 square foolesstgry commercial
building in Delta, Utah, which is owned by the University ofdh. It is the center for Telescope
Array operations and data acquisition, and its consideréibbr and surrounding outdoor space
has been used for detector assembly, testing and repais. also the Telescope Array visitor
center, and serves as the public face of the Telescope Aotporation. The Cosmic Ray Center
will be a high-profile location for the proposed Keck RadarnBraission Facility. (See attached
Recognition Statement.)

We will install the transmitters at the CRC. Initially, we wilke a modified ham radio trans-
mitter purchased with NSF funds to achieve 700 W in outputgrat 54.1 MHz. We have already
obtained an FCC experimental-class license to broadcast gallsign WF2XHR (see supporting
documents). Installing this transmitter first will enabketa rapidly get up and running so that we
can begin searching for radar echoes. We will also make u§&P&-tracked reflective balloons
and small airplanes as radar “targets”, to test our abititpredict received reflected power from
well-defined scatter centers.

In the second and third stages of this project, we will upgtadionated commercial television
transmitters. (See the letter of donation from KUTV Channiel the supporting documentation.)
These transmitters are solid state devices from the H&%iHlatinum series, and will be operated
in 2 KW and 20 kW output mode. Each transmitter is approxiipa2&% efficient and hence
will require respectively 10 kW and 100 kW of of power from tiped to operate. We will only
broadcast a single frequency carrier signal (again at 54ik)M This will greatly simplify the
“plumbing” by eliminating the need to merge video and audimals via waveguides and hybrid
combiners.

The RF signal will be piped via flexible foam-core waveguidéhi® antenna — a segmented
Kathrein directional dipole [26] — which will be attacheddd0 foot tall mast located in a field
behind the CRC. We have obtained permission to erect this mabeaERC site (supporting
documentation). As this mast is located on flat ground, theature of the Earth as well as
local terrain features will attenuate the signal at growewl on the far side of the surface array,
approximately 50 kilometers distant.

The transmitter station will be assembled with the help ofagineering consultant, Mr. Greg
Best, who is one of the designers of the Harris Platinum tratemand Mr. Bill Ramsay who
operated the equipment on behalf of KUTV.

The broadcast antennas will be aligned so as to have maxinmitted power in a west-
southwesterly direction, in order to illuminate the sky abdthe center of the TA surface detector
array.

5.2 Recelver Stations

A radar receiving station will be composed of four antenressociated electronics and a host
computer. The first receiver station to be deployed will bdooated with and tethered to the
Long Ridge fluorescence detector station. At latter stagegyoal is to have a station that is
autonomous as far as both power and internet connectivihe dutonomous station will be a
prototype for future large-scale radar observatories beyloe current proposal. It will make use of
solar power and satellite internet communications. Recgiw®mputers and anciliary electronics
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will be housed in a radio hut that should be thermally ingdatue to large swings in temperature
in Utah’s West Desert.

Four towers, each 24 feet in height, will be erected near thédiminimize cable runs. We
plan on using RG-8, 50 Ohm cable to connect each log periodenaa to the digital receiver
module (discussed further below). A single computer willrbquired to communicate with all
receivers. As we acquire experience with the tetheredstatie will move to install solar power
and satellite internet services.

USRP II USRP II
daughter boards, main boards
i —| Memory -~
cos(2mfot) i N
i ; Host
i e Computer

L .| aDC o Chim J

Detection *

|

e

L

f. = 54.1 MHz
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* Transfer the content of memory to the host if a chirp is detected.

Figure 7: Block diagram of the radar receiver.

A crucial component to the execution of this project — andkég to dealing with the large
Doppler excursions in frequency — is a flexible radio recetee(i) receive the reflected signals
from the airshowers, (ii) identify the occurrence of eaalsl@wer and capture the corresponding
signal samples, and (iii) store the captured signal in a bostputer. To implement a radio that
can be adapted to these requirements, we propose to devetdware-based radio (often called
software defined radio — SDR). We will use the Universal SofeARadio Peripheral (USRP); the
USRP-II, in particular, of Ettus Research LLC [24].

Figure/ 7 depicts a block diagram of the SDR-based receiveénibapropose for our radar
system. The received signal at each antenna is demodutebede¢band using the carrier frequency
f. = 54.1 MHz. The demodulated signal passes through an anti-ajjddter and sampled at
a rate of 100 MHz, using an analog-to-digital convertor (AD&)ailable on USRP-II. A signal
analysis algorithm (implemented on the USRP-II FPGA) is therfiormed to identify the presence
of a chirp spectrum (see Figure 3, left) in the sampled sigifab chirp is identified, a fixed
window of, say, 10Q:s of the captured signal is passed to the host computer fi@geoUsing this
approach, we are assured that only those portions of th&veglcsignal that ardéikely to contain
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reflections from airshowers are stored. This reduces ouagtoneeds from a prohibitive size to a
very manageable size. Without getting into details, heeeonly note that without such intelligent
mechanism our storage need per 24 hours would be in the drddew tens of terabytes. We will
reduce this number to less than 100 megabytes; a reductitor fa the order of 1/100,000.

5.3 Plan of Analysis

Analysis of the radar and surface detector (SD) data wiltpeal in parallel with hardware devel-
opment. Early on, we will focus on understanding the respaighe radar receivers with easily
identifiable targets such as reflective balloons and a snralaae. While the wide-bandwidth
“chirp” detector is under development, we will also seeketedt coincidences between SD events
and narrow-bandwidth receiver data at select shifted #aqies.

With the deployment of the multi-antenna array and chirgedietr receiver, we will begin to
take data containing utilizing the full ADC sampling ratee Will be able to compare the observed
chirps with the predictions of phase shift models. We wikk umth the Dopper shifts and the
relative phase information from the several receiver @tatio reconstruct air shower geometries.
Finally, we will seek to correlate the received power of tishasignals with the energy of the
incident cosmic ray.

6 Summary

In this Project Narrative, we have explained the need fortmeovatory with the ability to remotely
detect airshowers induced by high energy cosmic rays. Weesththat the properties of airshow-
ers and radio frequency scattering make bistatic radarl@devizandidate for a remote detection
technology.

We presented results of preliminary studies in Long Isla¥elv York showing that cosmic
ray airshowers can indeed by “seen” in radar echo, and thiErsliCounty, Utah is ideally suited
for the studies we propose. Indeed, the unusually radia gu&ronment, access to the North-
ern Hemisphere’s largest cosmic ray observatory and oppistic receipt of donated high-power
transmitter equipment present us with the ideal situatiaratry these studies forward.

As presented, the three-stage plan for deployment of ssivedgshigher-powered transmitters
and more sophisticated receiver stations is achievabléntite three-year scope of the proposal,
and is a realistic path towards overcoming the technicabehess. The assembled team of cosmic
ray physicists and electrical engineers is the right groupeople to successfully carry out this
project with the support of the W. M. Keck Foundation.
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July 11, 2010

Dr. John Belz
Department of Physics and Astronomy
University of Utah

Dear Dr. Belz

The Brookhaven National Laboratory's Physics Department enthusiastically supports the
participation of Dr. Helio Takai in the proposal 4 Radar Detector for the Universe's Most
Energetic Particles to the W. M. Keck Foundation. Dr. Takai has first introduced the concept
of using bistatic radars for the detection of ultra high energy cosmic rays at our laboratory.
Your plans to implement a dedicated radar at the Telescope Array facility at Utah will permit
a definitive test of this concept and this is quite exciting. Dr. Takai's direct contribution to
your effort will be on the development of radar instrumentation.

In support of the proposed project here at BNL we will support a fraction of Dr. Takai's time
to participate in the project. We will provide him with access to our infrastructure with
laboratory and workshop space. We will also encourage Dr. Takai's supervision of graduate
students in this project.

Best of luck in your application,

Sincerely

S Z

Robert Ernst

Administrator, Manager

Physics Department

Brookhaven National Laboratory
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July 11, 2010

Dr. John Belz
Department of Physics and Astronomy
University of Utah

Dear John,

I am very happy that we are submitting this proposal to the W. M. Keck foundation. As you
well know, we started pursuing the idea of implementing a bistatic radar for the detections of
the ultra high energy cosmic rays about five years ago. From its beginnings to today our
collaborative effort has led us to a stage where we feel confident of its implementation. Our
preliminary tests and experiments has led us to the development of a mature idea of how to
implement a radar system that will detect the universe's most energetic particles. Personally,
I think that this is one of the most exciting projects I have been involved in my professional
career. This project is truly transformational in nature as it may open a window for the
implementation of a detection system to explore the nature and origin of the most energetic
particles known by mankind. This facility will also open up the possibility to explore the
existence of high energy neutrinos and other exotic energetic particles yet to be discovered.
This grant from W.M. Keck will certainly make our ideas a reality, and that is very exciting.
I am delighted to be part of this collaboration and I am looking forward to a successful
implementation of the bistatic radar.

Sincerely,

U @ lee

Dr. Helio Takai

Physics Department, Bldg 510A
Brookhaven National Laboratory
Upton, NY 11973

Phone: (631) 344 2812

Fax: (631) 344 5568
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[Category Year 1 Year 2 Year 3 Cumulative Totals
Other Other Other Other

WMKF Sources* | WMKF Sources* | WMKF Sources* | WMKF Sources* All Sources
rincipal Investigators (2) $23,050 $23,740 $24,460 $71,250 $71,250
ostdoctoral Fellows (1) $60,000 $62,000 $64,000 $186,000 $186,000
raduate Students (4) $42,560 $42,560 $43,840 $43,840 $45,160 $45,160 $131,560 $131,560 $263,120
ther (undergraduate students) $12,000 $12,000 $12,000 $36,000 $36,000
Personnel Subtotall $137,610 $42,560 $141,580 $43,840 $145,620 $45,160 $424,810 $131,560 $556,370

[Equipment
700 W transmitter, antenna $46,500 $46,500 $46,500
P and 20 kW transmitter, antennas $290,000 $290,000 $290,000
ransmitter facility, mast $41,700 $41,700 $41,700
I:'eceiver stations (13) $17,170 $41,340 $206,700 $248,040 $17,170 $265,210
Equipment Subtotal} $41,700 $353,670 $41,340 $206,700 $289,740 $353,670 $643,410

IOperations
onsumable supplies $1,000 $1,000 $1,000 $3,000 $3,000
Satellite network $1,200 $6,000 $7,200 $7,200
Travel/symposiums $12,000 $12,000 $12,000 $36,000 $36,000
ontracted services $14,000 $14,000 $5,000 $33,000 $33,000
enovations $1,000 $1,000 $2,000 $2,000
acilities/Overhead $13,665 $13,998 $14,342 $42,005 $42,005
ther (transmitter power) $3,250 $35,750 $65,000 $104,000 $104,000
ther (computing) $10,000 $10,000 $10,000 $30,000 $30,000
Operations Subtotall $31,250 $23,665 $64,950 $23,998 $89,000 $24,342 $185,200 $72,005 $257,205
Totals| $210,560 $419,895 $247,870 $67,838 $441,320 $69,502 $899,750 $557,235 $1,456,985

* Other includes institutional and external forms of support

T List major pieces and/or categories

Revised 01/10/07; June 2007 cycle

1T A s~ T



Project Budget

Budget Justification: Line-by-line justification of the project budget is givends.

Personnel

We request a total of $424,810 from W.M. Keck for personneksses. These include one month
salary for two of the principal investigators (J. Belz and Briaag), support for one postdoctoral
researcher at the standard University of Utah rate, andsstiigr two University of Utah grad-
uate students. We also request funds of $12,000 per yeaupmost of undergraduate research
assistants. Two graduate students will also be supportéai®project from an NSF award.

Equipment

A substantial part of the equipment costs for this projeet laorne by the private donation by
KUTV Channel 2 of nearly $290,000 in television transmittgui@ment and broadcast anten-
nas. The cost of buying this equipment new would be over $1dé. &tached letter of donation.
Equipment for the Phase-I transmitter, including radioigaent, antennas and lightweight mast,
oscilloscope and spectrum analyzer have been purchade®®&k money.

The equipment costs to Keck for the 2 and 20 kW (Phase-II dfidtrhnsmitter facility are

broken down in the following table. The antenna mast cosased on a quote for the Trylon

Item Cost
antenna mast $28,700
antenna rigging crew $ 6,000
concrete bed for mast $ 2,000
chain link safety fence $2,000
coaxial waveguide, misc. connectars$1,500
modifications to CRC power $1,500
[ TOTAL [ $41,700]

Table 1: Transmitter facility costs.

Super TitanmodeIE, the cost of the hazardous duty rigging crew is taken fromlamantenna
mounting operations by KUTV. The remainder of constructiosts are based on similar projects
performed in Delta, Utah.

Twww.trylon.com



Equipment, continued

In Table 2 we summarize the costs of the receiver stationstwiue will deploy. We assume
the first station will be “tethered” to the TA Long Ridge fluotesce detector, and thus not require
remote operations capability. (This station will be pussthwith NSF funds.) Subsequent stations
(22) will require solar power, and because the land is fdlyecavned we will be required to
perform plant, animal, and archaeological surveys on tbeiver sites. The full battery of receiver
stations will cover an area comparable to the entire TA SByarrThe primary expenses for the

Item Unit Price Total
antenna (log periodic) $500| $2,000
tower (24" stand alone) $480| $1,920
cables $250
hut for receiver equipment $500
USRP-Il GNU radio receiver $1,500| $6,000
computer (e.g. Panasonic Toughbook) $4,000
miscellaneous hardware $500
concrete pad $2,000
total “tethered” $17,170

site surveys $1,300
solar cells and batteries $2,800
total “untethered” $20,670

Table 2: Costs for single radar receiver station.

receiver stations (described in more detail in Section btReoProject Narrative) are for the USRP-
Il software-defined radio receiver, host computer, anddegedic antennas required to detect the
broadband chirp signal. The cost of the satellite networkroanications which are required for
the remote sites is listed separately under “Operations”.

Operations

The largest operations costs are for electrical powerjquéatly to operate the 20 kW trans-
mitter. We assume 25% efficiency and current rural Utah poats in our power estimates. It
is assumed that the 2 kW transmitter will operate one halfeafryne, year two will be one half
2 kW and one half 20 kW transmission, and year three is 100%/2@&nsmission.

Other costs include travel at $12,000/year, for both tripdDelta, Utah and conferences.
$33,000 is for contracted services in the form of the two RFRrexeys who will help us install
and maintain the transmitter systems. In years two and treénclude costs for remote satellite
network links at the rate of $600 per station per year. $3i8@0loted for supplies, and $2,000 is
included for renovations to the Cosmic Ray Center to enhance&igigability” of the Keck radar
transmision facility. The NSF grant will provide $10,000 year for computing and data storage.



Other Funding: To date, funding has been sought and secured for pilot Stwdikdating the
feasibility of the technique. In Long Island New York, appiroately $130,000 was obtained
from the NSF for equipment, student salary and travel forNeRIACHI project. Using this
high-school based cosmic ray ground array in conjunctidh wo radar stations, Co-P.I. Helio
Takai has detected approximately ten radar echos in timsaithl coincidence with cosmic ray
showers.

The University of Utah provided seed grant funds totalliBg $89 for the support of a graduate
student and equipment, in order to characterize the radop€ncy environment at the Telescope
Array site in Millard County, Utah. Based on this work as weltlrs MARIACHI events described
above, we have obtained additional funding totalling $2@0 from the NSF for support to operate
a low power (700 W) modified ham radio transmitter and recestegion in Millard County.

The goal for the NSF-supported part of the project is to @sdnduplicate the Long Island
pilot studies using our own transmitter as opposed to ambahio frequency emissions. We
expect to be able to improve on the “statistics” obtained amg. Island as well. However the
NSF grant has limited funds for development of more soptastd receiver stations — which
will be needed in order to do astrophysics with this techaigd and not nearly enough support
for the engineering, construction and power required ireotd utilize the high-power KUTV
transmitters.

In terms of the three-stage plan outlined in our proposalNBF grant covers part of Stage-I.
Given the uncertainties, Stage-I is not likely to providémave evidence that the technique can
work. Therefore the Keck Foundation’s role is actually palo

This project received a large boost from the donation of {ggtver 2 kw and 20 kW transmit-
ters from KUTV Channel 2 in Salt Lake City. The estimated dejated value of these transmitters
is $290,000. They would cost $1,050,000 if purchased new.

Finally, this project can count among its assets severdlties owned by the University of
Utah. These include the Millard County Cosmic Ray Center in Déltah, a $160,000, $4,000
square foot facility with adjacent lot space which will heuke transmitters. Also, the Telescope
Array cosmic ray observatory, constructed for roughly $2@ith funds from the Ministry of
Science and Education in Japan and the U.S. National Sclemoedation will provide crucial
information on the cosmic ray air showers which produce #aar echoes under study.

Keck Foundation Support is Essential: Cosmic rays are one of the most important areas of
astrophysics research. First detected early ir2tifecentury, cosmic rays were a source of many
early discoveries in elementary particle physics until mzade accelerators took over this role
after World War II. Today, cosmic rays are studied to learaultheir astrophysical sources and
the interstellar and intergalactic media through whicly thpagate before reaching Earth.
Because the highest energy particles are so rare, we haug cedre to the end of this study

using standard techniques. The extension of conventicgtaktbrs to new levels would be pro-
hibitively expensive. New technologies are needed in ofdethe field to progress beyond the
current generation of observatories. The bistatic raddrmigue is a prime candidate. However
while the idea appears promising it has yet to be proveneialthis role. The support of a funding
source willing to invest in an unproven yet potentially sormative technology is essential.



MARIACHI/UT Pilot Studies
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Description of Expertise and Roles of Key Project Personnel

e John Belz (Project Leader)has 15 years experience in experimental particle physitd2n
years in cosmic ray physics. His cosmic ray projects havadsd the High-Resolution Fly’s
Eye, Telescope Array, and the Telescope Array Low Energeiiston (TALE). His recent
research has focused on cosmic ray composition studiei@hds been investigating the
use of radar in observing cosmic rays for two years.

John will serve as project manager, supervise transmigelogment and facilities mainte-
nance.

e Behrouz Farhang-Boroujenyis a professor of electrical engineering with a generalrinte
est in various applications of signal processing to comeations. In the past he has done
research in the general area of adaptive filter (analysisdasayn of algorithms), acoustic
echo cancellation and active noise control, and signalgesing techniques in magnetic and
optical recording. His current research activities inel@bgnitive Radio, Multicarrier Com-
munications, CDMA detection techniques, and MIMO commutindeces. He is the author of
a bookSignal Processing Techniques for Software Radios

Behrouz will focus on developing code for GNU radio, signabmnition and online filtering
of data.

e Pierre Sokolsky has 29 years experience in cosmic ray physics. He is spoketméghe
HiRes, Telescope Array, and Telescope Array Low Energy Exten(TALE) experiments.
He is currently Dean of the College of Science at UniversityJtdh, and won the 2008
Wolfgang Panofsky Prize in experimental particle physmsHis work in developing the
nitrogen fluorescence technique for reconstruction of eosay air showers.

Pierre will serve as senior advisor to the project and pgaete in data analysis.

¢ Helio Takai is Senior scientist at Brookhaven National Laboratory armdlfg member of
the Stony Brook University Physics Department. He has 24sy@grerience in experimental
high-energy physics, and in 2005 developed the concept dRMMEHI. Helio co-Convener
of the ATLAS experiment Heavy lon Physics group and membeXTdfAS physics coor-
dination. He has been a QuarkNet Mentor since 1999 and is ¢gomiem the Laboratory
Science Teacher Development program.

Helio will lead the effort to investigate different receivantennas, and develop receiver
station hardware. He will also continue to work on the sirhataof radar echo signals.

e Gordon Thomson has 25 years experience in experimental particle physidslanyears
experience in cosmic ray physics. He is currently workingtlmree experiments study-
ing ultrahigh energy cosmic rays, the High Resoluton Fly's EMiRes) experiment (co-
spokesman), the Telescope Array (TA) experiment, and thesdepe Array Low Energy
Extension (TALE) experiment (co-spokesman). Gordon has levestigating the use of
radar in observing cosmic rays for three years.

Gordon is an expert in analysis of Telescope array surfamxtbe data, and will focus on
the analysis of data and air shower reconstruction.



Plans beyond proposed time period

The transmitter and receiver array to be developed undeptioposal will demonstrate the fea-
sibility of the next level of deployment beyond the scopehs#f Keck grant: a full-scale array of
receiver antennas covering an area upte greater than the world’s largest existing cosmic ray
observatories. In initial conversations, the NSF has eiéid an interest in supporting the further
development of a radar observatory if the concept can berstmwork.

As an example, the thirteen receiver stations that we wplaeunder this grant will “cover”
an area of the Earth’s surface approximately equal to thestepe Array Surface detector. The
roughly $600,000 in Phase-lll transmitter and receivetsebould be contrasted with the $5 M
cost of the TA Surface Detector itself.

Beyond the three year period of the Keck grant we will build acmlarger detector, seeking
support from the National Science Foundation, which hag Bupported particle astrophysics re-
search in Utah. Competing projects include the Telescopay/eand the proposed Northern site of
the Auger Observatory. The proposed Auger North detectibcaser approximately 10,000 kin
at a proposed cost of $120 M. Using radar technologies, wisiema detector with a similar aper-
ture for approximately one tenth of the cost. In other wobysyirtue of its cost effectiveness we
expect our radar detectors to be highly competitive witleogiroposed astroparticle observatories.



Evaluation Plan

The search for radar reflections from ultrahigh energy cosay showers will use data from
the Telescope Array (TA) experiment for verification of thetettion of cosmic ray showers.
Therefore the radar project must be, and is, an official patthe TA experiment. Every aspect
of the radar project will be reviewed by the TA collaboratmma frequent basis. In addition, the
TA External Advisory Committee will review the project on aayly basis. The first such external
review of TA occurred in April, 2010, and the radar projectvmesented in complete detail (the
report of the committee is enclosed).

The committee enthusiastically endorsed the radar prgaging

...the committee strongly supports the investigation o metection techniques,
specifically the ongoing research on bistatic radar for Whié& occupies an ideal
site in the case of success. The method is familiar from metet@ction using radio
waves. The key idea of the technique is to observe the efaagnetic wave reflection
off the ionization cloud produced by a cosmic ray in the atphese.

The members of the TA External Advisory Committee, all leadiethe field of particle physics
and astrophysics, are:

Professor Francis Halzen, University of Wisconsin, chair

Dr. John Peoples, Fermi National Accelerator Laboratory

Dr. Nick Samios, Brookhaven National Laboratory

Professor Eun-Suk Seo, University of Maryland

Professor Yasushi Muraki, Konan University

Professor Yoichiro Suzuki, University of Tokyo



Recognition Statement

In recognition of the support of the W. M. Keck Foundation, we will name the radar transmitter
facility after the Keck Foundation and reference that named aspect in any publications or public
presentations describing this work. The transmitter facility will include a wing of the Millard
County Cosmic Ray Center (CRC), the transmitter, antenna and supporting mast.

The CRC is a 4,000 square foot commercial building which is locateéd°a21’ 10" North,
112° 35’ 23” West, in the town of Delta, Utah. It is owned by the University of Utah. In addi-
tion to serving as the nexus of detector construction and data collection for the Telescope Array
experiment, it is also the location of the project’s Visitors Center.

The CRC is visited regularly by tourists in Delta and by student and community groups as part
of our scientific outreach program. The CRC contains several educational displays about cosmic
rays, and more are being prepared for installation the near future. The Keck radar transmission
facility would be an exciting addition to the “tour”, wherein it would both contribute to our outreach
efforts and publicize the support of the Foundation.
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DELTA CITY

76 North 200 West

Delta, UT 84624

(435) 864-2759 FAX (435) 864-4313
www.delta.utah.gov

July 29, 2010

Professor John Belz

University of Utah, Department of Physics
115 South 1400 East, Suite 201

Salt Lake City, UT 84112-0830

Dear Professor Belz:

I am writing in response to your questions regarding installation of a fifty-foot antenna mast, and
supporting guy wires, at the Millard County Cosmic Ray Center in Delta, Utah. It is my
understanding that this mast will support transmitting antennas as part of your effort to detect cosmic
rays using radar.

Inasmuch as this mast will be located on property owned by the University of Utah, there are no
obstacles to construction, provided the entire installation, including guy wires, is located a minimum
of ten feet from the property line. In addition, it must be fenced or have climb safety features (no
access for the public).

If you have any additional questions, please contact me.

Sincerely, ? \

Alan Riding
Public Works Director

kj



Isaac Myers, 115 S 1400 E, Salt Lake City, UT 84112,

United States of America
FEDERAL COMMUNICATIONS COMMISSION
EXPERIMENTAL
RADIO STATION CONSTRUCTION PERMIT

AND LICENSE
EXPERIMENTAL WF2XHR
(Nature of Service) (Call Sign)
XR FX 0459-EX-PL-2009
(Class of Station) (File Number)
NAME University of Utah Department of Physics and Astronomy

Subiject to the provisions of the Communications Act of 1934, subsequent acts, and treaties, and all
regulations heretofore or hereafter made by this Commission, and further subject to the conditions
and requirements set forth in this license, the licensee hereof is hereby authorized to use and operate
the radio transmitting facilities hereinafter described for radio communications in accordance with the
program of experimentation described by the licensee in its application for license.

Operation: In accordance with Sec. 5.3(c) of the Commission's Rules

Station Locations
(1) Delta, UT - NL 39-21-10; WL 112-35-23

Frequency Information

Delta, UT - NL 39-21-10; WL 112-35-23

Station Emission Authorized Frequency
Frequency Class Designator Power Tolerance (+/-)
54.1-54.1 MHz FX 2880 W (ERP)
NON

Special Conditions:

(1) The station identification requirements of Section 5.115 of the Commission's Rules
are waived.

(2) Licensee should be aware that other stations may be licensed on these frequencies

and if any interference occurs, the licensee of this authorization will be subject to
immediate shut down.

(3) Inlieu of frequency tolerance, the occupied bandwidth of the emission shall not
extend beyond the band limits set forth above.

(4) Operation is subject to prior coordination with the Society of Broadcast Engineers,
Inc. (SBE); ATTN: Executive Director; 9247 North Meridian Street, Suite 305;
Indianapolis, IN 46260; telephone, (866) 632-4222; FAX, (317) 846-9120; e-mail,
executivedir @ sbe.org; information, www.sbe.org.

FEDERAL
COMMUNICATIONS

This authorization effective  February 22, 2010 and COMMISSION

will expire 3:00 A.M. EST March 01, 2011

Page 1 of 1



Tel 801.973.3000
299 South Main Street, Suite 150
Salt Lake City, Utah 84111

Bill Ramsay

Transmissions Engineer, KUTV Channel 2
299 S. Main Street

Salt Lake City, UT 84111
BRamsay@kutv2.com

September 21, 2009

John Belz

Research Associate Professor
University of Utah

Department of Physics and Astronomy
115 S. 1400 E. Suite 201

Salt Lake City, UT 84112-0830

Dear Professor Belz:

On behalf of Salt Lake City’s KUTV Channel 2, I am pleased to donate our analog television
broadcasting equipment to you and your cosmic ray research group at the University of Utah. I
understand that this equipment will be used as part of a new project to detect cosmic ray airshowers
by radar techniques, in conjunction with the Telescope Array project in Millard County.

The donated equipment includes a 20 kW Harris transmitter, a 2 kW backup transmitter, an 18
segment Kathrein dipole antenna, a 25 kW test termination load, hybrid combiners for the two
transmitters and assorted waveguides. We estimate the total depreciated value of the donated
assets at $289,629.41. The total original cost of the two transmitters was $1,049,417.95.

We at KUTV wish you the best in your efforts, and look forward to doing a news story describing
your research with this equipment.

Sincerely,

Bill Ra.msay




April 11, 2010
Report of the TA/TALE Advisory Committee

Preamble

The committee met at the University of Utah on April 8 and 9, 2010.
We visited the site of the experiment. The tour included one of the
surface detectors (SD), one of the three fluorescence detectors (FD)
sites and the transmission tower. We were also given a tour of the
Cosmic Ray Center in Delta, Utah where Pierre Sokolsky made a
presentation on the history of cosmic ray physics in Utah and
introduced the committee to TA/TALE.

In a series of excellent presentations the collaboration reviewed the
status of the data analysis, future plans for TALE, the research and
development work on bistatic radar detection of cosmic rays and the
ASPIRE outreach program.

We thank the collaboration for their excellent hospitality.

The detailed schedule of the review and the membership of the
committee are listed in the Appendix.

Executive Summary

The HiRes experiment established that the highest energy cosmic
rays are extragalactic in origin with the observation of their
absorption by microwave photons. The appearance of the Greissen,
Zatsepin and Kuzmin (GZK) absorption dip in the cosmic ray
spectrum has been confirmed by the next-generation Auger
experiment and resolved the long-standing controversy between the
HiRes and AGASA experiment whose data, with limited statistical
significance, indicated the absence of the GZK cutoff. At present a
new controversy has emerged between the HiRes and Auger



experiments that essentially disagree on everything else but the GZK
feature: these include the detailed structure of the spectrum, the
composition of the cosmic rays and whether the highest energy
particles point back to their sources. Enter the Telescope Array (TA).

The Telescope Array, mostly funded by Japan, has been deployed in
Millard County, Utah in record time with the help of the experienced
University of Utah cosmic ray group. The local group has recently
been strengthened by the move of the Rutgers HiRes faculty to
Utah. The present collaboration also includes universities from
Belgium, Korea and Russia. Though smaller than Auger, its concept
is somewhat different: rather than operating as a hybrid surface array
and fluorescence detector, the two components of TA are fully
functional, separately and as one. Very experienced groups centered
in Japan and Utah each independently analyze the experiment’s
early SD, FD and hybrid data. Results have been obtained in a very
short time and presented for the first time at the SNOWPAC meeting
and at the Japanese Physical Society meeting in Okayama, Japan in
March, 2010. Though preliminary and of limited statistics, all
analyses, SD, FD and hybrid, agree on the spectrum and are
consistent with the published HiRes data.

It is now clear that the initiative to build a next-generation experiment
besides Auger showed great foresight and presents the collaboration
with an extraordinary opportunity. In this context the committee
strongly supports the plan of the collaboration to proceed with the
construction of the US contribution to TA dubbed TALE (TA Low
Energy extension), and unfortunately not funded so far. It will recycle
all HiRes fluorescence detectors and incorporate them into the
present detector in order to not only lower the threshold but also
achieve an acceptance at all energies similar to that of Auger. At
high energy it will further contribute to the all-important issue of
whether the cosmic rays near 10%° eV reveal their sources.
Additionally, it will cover all features of the spectrum (the onset of the
extragalactic component, presumably the knee, the second knee
and the ankle as well as the e"e” and pion production absorption
dips) with a single instrument. In the absence of “proton astronomy”
the details of the spectrum are our most powerful probe of the
sources.



We agree with the collaboration that the next step is a detector with
an acceptance increased by at least one order of magnitude, able to
deliver more that 10 events per year above 10?° eV. Such a detector
should be based on information obtained by Auger and TA/TALE
neither of which has exploited its full science potential at this time. In
this context the committee strongly supports the investigation of
new detection techniques, specifically the ongoing research on
bistatic radar for which TA occupies an ideal site in the case of
success. The method is familiar from meteor detection using radio
waves. The key idea of the technique is to observe the
electromagnetic wave reflection off the ionization cloud produced by
a cosmic ray in the atmosphere.

The committee discussed the issue of manpower in the context of
the ambitious program that includes completion of the HiRes
analysis, timely delivery of quality TA data and their analysis,
construction of TALE and the development of radar detection. We
suggest that the collaboration consider expansion. The considerable
impact of the first TA data will undoubtedly create the opportunity to
attract excellent scientists to all aspects of the successful program,
including experienced radio experts.

Although the committee focused on science, we observe that the
management of the collaboration is based on an appropriate mixture
of formal and informal planning that is clearly effective. The project
management established a record of success in the construction
phase of TA and is carrying this forward into the analysis phase of
the experiment.

The outreach effort of the collaboration includes the ASPIRE
program that has a long record of success. The committee
congratulates the collaboration on all aspects of its extensive
outreach program.

The committee will focus the rest of its report on the following
issues:

» Status of the data analysis.



» Structure of the Japan-University of Utah collaboration.
* The future Low energy extension of TA: TALE.
* Bistatic radar R&D.



Status of the data analysis:

The analysis of the complete HiRes data set is almost complete, the
end of a historic experiment. HiRes established the GZK feature in a
spectrum that has now been confirmed by the next-generation
Auger experiment. After initial disagreements on the cosmic ray
spectrum, the Auger collaboration announced at the recent
SNOWPAC meeting that their observations agree with the HiRes
results within the systematic errors on the absolute energy
measurement of the two experiments. Also, with higher statistics the
arrival directions of the cosmic rays measured by Auger are no
longer inconsistent with the isotropy observed by HiRes. We look
forward to improved statistics with continued data taking. We note
that the SD data is at present insufficient to establish the GZK
feature in the spectrum and look forward to this important
measurement in the near future.

The composition of the highest energy particles, especially as
derived from the observations of shower fluctuations, is still a matter
of controversy. The fluctuations in the depth of shower maximum
measured by the HiRes detector is consistent with protons, while
fluctuations essentially disappear (all showers are the same) for the
highest energy Auger events suggesting heavy nuclei. The
disagreement is extremely puzzling because, by cosmic ray
standards, the comparison of the two measurements is relatively
direct. The issue is important, with a heavy composition suggesting
that we may be witnessing the end of the energy reach of the
accelerators. Assuming that the energy to which particles are
accelerated is proportional to Ze, heavy nuclei would indeed reach
the highest energies. We foresee that the pressure from the
community for the two collaborations to exchange data and
simulations in order to resolve the issue will be considerable. We
encourage this approach and note that first steps have been taken.

At this point all the important HiRes results have been published;
only two papers remain to be written: one on the proton air
crossisection and one on the distribution of the widths of individual
showers. We foresee very little impact on TA and TALE operations,



development and analysis. While the analysis of HiRes data may be
nearly finished, the relevance of the published results remains very
high and, as already mentioned, the defense of the results is likely to
require attention.

The Japanese contribution to TA is completely deployed and
operating smoothly. Part of the Hires mirrors have been redeployed
to constitute a third fluorescence detector for the TA complex. The
analysis programs are in place, with refinements to be made but no
qualitative changes expected. Groups on both sides of the Pacific
independently analyze both the SD and FD data. We understand
that the collaboration has come to a consensus on releasing
preliminary analysis results. We strongly encourage this approach as
well as early publication given the obvious impact of the findings in
confirming the HiRes measurements with a new hybrid detector and
with an independent analysis of the data by the Japanese group.

The committee congratulates the collaboration on the timely
completion of the detector and the prompt delivery of results. We
agree with the Utah group that it is time to move to the completion of
the experiment with TALE. From now on TALE will refer to the
original proposal by the TA collaboration to relocate the totality of
the HiRes detectors to the TA site. Having delivered their part of the
detector, the Japanese part of the collaboration is looking forward to
the completion of the US contribution to the detector.



US contribution to TA: TALE

The dominant contribution of the Utah group so far has been to act
as a host laboratory for the deployment of the Japnese SD and FD
detectors. They prepared all infrastructure with the development of
the sites, laying out the roads, implementing the inter-detector
communications and creating the Cosmic Ray Center in Delta. The
group did all surveys, applied for permission of land use and for
wireless communications, arranged the exemptions of import tax for
Japanese equipment and worked out an agreement with the USAF
which uses the area as a training site. These efforts were performed
with funding from the State of Utah, the University of Utah, private
donations and the NSF.

While the contribution of the Utah group to the experiment has been
impressive, the scientific contribution remains incomplete. Its
delivery has been packaged in a proposal for the TALE components
of TA. Completion of TALE calls for two additional fluorescence
sites, each approximately six kilometers from the two existing
Japanese FD sites. At each new site two rings of mirrors covering
half the azimuth will be deployed, thus using up all available HiRes Il
mirrors. At one of the sites three additional rings will be built using
new mirrors with three times the collecting area and covering 90° in
azimuth (the Tower). In front of the Tower, a muon array consisting of
buried (or sandbagged) scintillator counters spaced by 400 m will be
deployed. This plan delivers an energy coverage from 10°°-10%° eV,
a stereo aperture at 10'® eV an order of magnitude larger than HiRes
and an instantaneous fluorescence aperture twice that of the SD at
10%° eV. The muon array provides hybrid geometry and composition
at lower energies.

The committee concluded that ongoing considerations for scaling
down TALE imply a loss of science that is not commensurate with
the financial savings. The current design of TALE calls for only one
new fluorescence site and the muon detector array is replaced by
additional SD’s of the current design. While this down-scoped plan
still provides the low energy coverage, it does so with reduced
instantaneous aperture, both in stereo at 10'® eV and in all modes at



102%° eV. The loss of the muon detectors removes the possibility for
an additional handle in determining the composition.

Although doing proton astronomy at 10%° eV remains to be
demonstrated, it is the highest priority in cosmic ray physics. If
successful, it represents the most direct way to identify the sources.
The possibility for TALE to collect a significant sample of
fluorescence events in the relevant energy region should not be
abandoned. We note that the PASAG committee expressed the
same opinion. In the absence of cosmic ray astronomy, either
because of the dominance of heavy primaries at the highest energies
or the discovery of unanticipated values of the intergalactic magnetic
field, the case for TALE becomes even more compelling. The only
hope to identify the sources with a cosmic ray detector would be to
perform a detailed study of the spectrum and all its features with a
single instrument. TALE does just that covering the transition to
extragalactic particles, the knee, a possible second knee, the e+e-
absorption dip and the GZK feature.

As emphasized in the introduction, TA has turned out to be a
welcome addition representing a second hybrid detector
complementing Auger. In this context the loss of a reduced aperture
at the highest energy of the scaled-down detector is especially
unfortunate.

TALE Timeline

The committee studied the timelines shown below for the completion
of TALE and achieving timely progress on the development of the
bistatic radar technique. The latter effort involves the BNL group that
originated the research. It is likely that the effort will attract the
interest from others specialized in radio detection. Noting that the
analysis of TA data made an impressively smooth start, the
collaboration is encouraged to proceed with the triple efforts of
operating and completing TA, analyzing its data and proceeding with
the effort to investigate a new technique for constructing next-
generation experiments.

Cosmic ray physics has moved into an era where hybrid detectors as
Auger and TA are likely to dominate the science. Next-generation



detectors must be built on the findings of present instruments; it will
take several years for these to emerge. During this period the
opportunity arises to develop techniques for detectors that extend
the aperture of cosmic ray instruments by one order of magnitude, or
more. Early results obtained at Brookhaven indicate that bistatic
radar represents such an opportunity. We take note of the fact that
the TA site offers is ideal for the deployment of the facility with the
transmitter at the center in Delta and the receivers on the far side of
TA relative to Delta. Not only is the site isolated but a ridge between
receivers and transmitter additionally shields the receivers from
interference.

The committee concluded that it should be possible to interleave the
data analysis, TALE construction, and radar R&D schedules shown
below to achieve success. The collaboration is by now very
experienced, so it should be able to meet the somewhat aggressive
schedule. The considerable impact of the first TA data will likely
attract excellent scientists to all aspects of the successful program,
including experienced radio experts to help develop bistatic radar.
Expansion of the collaboration would make these schedules realistic
and easy to achieve.

TALE Timeline

® Year 1

o Site development for TALE site

Generators

Radio communications

Central Facility

o Begin construction of building for Rings 1-3 (HiRes-II telescopes)
o Begin refurbishment of HiRes-Il telescopes for Rings 1-3

o Begin building Tower telescopes

® Year 2

o Site development for TALE site (networking, DAQ, Central Timing)



o Finish construction of building for Rings 1-3

o Deploy refurbished HiRes-Il (Rings 1-3) telescopes

o Begin construction for building for Rings 4&5 (Tower telescopes)
o Finish building Tower telescopes

o Begin deployment of Tower telescopes

o Begin deployment of SD Infill Array

® Year 3

o Begin taking data with Rings 1-3

o Finish deployment of Tower telescopes

o Begin taking Tower data

o Finish deployment of SD Infill Array

RADAR Timeline
e Year 1
o Install 800 W transmitter at CRC (already in progress)

o Repeat Long Island studies of Helio Takai in a radio quiet
environment and a dedicated UHECR surface detector array

e Year 2

o Install 2 kW transmitter (needs the services of a professional
transmission engineer)

o Being studies of detection thresholds (energy & geometry)

o Begin studies of more sophisticated receiver systems



o Begin studies using interferometery using multiple receivers
® Year 3
o Install 20 kW transmitter

o Try to demonstrate the feasibility of a detector system using many
receivers covering many tens of thousands of square kilometers
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