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Abstract. Increased event statistics will be required to definitively answer theiques
of the origin(s) of Ultra-High Energy Cosmic Rays (UHECR). Using eutitechnologies
however, achieving the necessary statistics may be financially and pilydticpossible.
We describe the status and plans of the TARA project, féorteto detect Ultra-High-
Energy Cosmic Rays by their forward scattered or "bistatic” radar tigeaBistatic radar
holds promise as a new remote sensing technique for UHECR, withouttheytle lim-
itations of nitrogen fluorescence detectors. Such a technique coule kegin advancing
the study of UHECR beyond the constraints of the current generatioosafic ray ob-
servatories. TARA consists of a low-VHF television transmitter illuminating thatsove
the Telescope Array (TA), and a set of radio receivers on the farsidA approximately
50 km distant from the transmitter. We have collected radar data since2®drll using a
2 kW transmitter at 54.1 MHz. Recently, we received permission to iserear broadcast
power to 40 kW and ourféective radiated power (ERP) to 6 MW. On the receiver end,
we are employing software-defined radio receivers and developalgime trigger algo-
rithms based on the expected air shower radar echo. In addition topnesan overview
of the project status and future plans, we will present the most reesults of searches
for coincidences between radar echoes and Telescope Array wiesbeents.

1 Introduction

Ultra high energy cosmic rays (UHECR) are produced in sontleediost violent processes in nature.
Understanding UHECR is crucial to understanding the eiaiudf the cosmos, as any complete model
must explain not only their acceleration mechanisms, tad #ieir propagation across cosmological
distances and through the extragalactic medium.

Conventional UHECR detectors [1,2] cover hundreds or tands of square kilometers of the
Earth’s surface in order to achieve the necessary deteapertures, and are hence costly and im-
practical in many locations. A remote sensing technologyabte of detecting cosmic-ray induced air
showers and reconstructing their astrophysically intarggparameters would be a tremendous boon
to the advancement of the field. In pursuit of such a techryoldlge TARA (Telescope Array RAdar)
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project will make use of a 70 year old idea [3] and modern digracessing techniques to try to detect
and eventually reconstruct air showers by their radar sigas.

2 The TARA Concept

TARA is the ideal configuration in which to test the radar t@ge. Other searches for air shower
echoes have been carried out by atmospheric radar staticiugling Peru’s Jicamarca Radio Obser-
vatory [4] and the MU Radar in Shigaraki, Japan [5]. Althowgiomalous signals were reported, no
conventional cosmic ray detectors were on hand to confirmsitveal. The first attempt to detect radar
echoes in tandem with traditional surface detectors waemeed by MARIACHI [6, 7], in the high
radio noise environment of Long Island, New York. Againyiging signals were seen but uncer-
tainties in the RF environment and limited reconstructiapabilities of the MARIACHI scintillator
detectors left the results inconclusive.

As shown schematically in Figure 1, TARA is co-located witlk fTelescope Array (TA) detector
in Millard County, Utah, U.S.A. TARA is a “bistatic” radar sbrvatory, in which the transmitter and
receiver stations are independent and remote from oneem®the TARA transmitter (donated by Salt
Lake City KUTV-2) broadcasts a 54.1 MHz carrier signal ovex Telescope Array surface detector,
while a receiver station located at the Long Ridge Fluonesesite searches for the forward-scattered
signal. Precise GPS timing of the receiver signal allowdrie¢ime comparison with known UHECR
air shower activity in the TA surface and fluorescence detsct

TARA is located in radio-quiet Western Utah, and the TARAgmitter is the only major source
of very-high frequency (VHF) waves below the FM radio doitof 88 MHz. This wide-open band-
width, in conjunction with a colocated state-of-the-art EXER observatory make TARA the ideal test
platform for the radar idea.

3 Bistatic Radar Physics

Here, we briefly consider the important physics issues lighistatic radar detection. The fundamental
bistatic radar equation describes the relationship between transmitted pdyeand received power

Pr [8]: ,
Gr Gr A

PR (4nR$) 7 [4nR,%) (47r) @
whereGt (Gg) is the gain of the transmitting (receiving) antenna, BAadRg) is the distance between
the transmitter (receiver) and antenna. The fa¢fgar (whereA is wavelength of the sounding radia-
tion) is the éfective area of the receiver. Each of these is under the dafttioe radar operator, while
the factoro — theradar cross section RCS — is a property of the object being sounded. In the case
of UHECR-induced air showers, there are large uncertaiimi¢his factor.

The most abundant source of radar scatter comes from theaiom electrons that are produced by
the energetic air shower particles as they traverse thesgineoe. These ionization electrons constitute
a plasma, which can in principle reflect electromagneticesa¥ollowing Gorham [9], we can divide
an air shower into two regions, depending on whether the&tinn density exceeds the critical density
at which the plasma frequency [10]

)

equals the frequency of the sounding radiation.

In practice, most ionization electrons produced in a airsdrowill be in the underdense regime.
Here, the electrons can be considered as individual agedthea RCS is simply the classical Thomson
electron cross section multiplied by the number of elecioresent. Unfortunately, the scattering that
occurs in the underdense regime will be heavily suppresgéitebdamping that occurs due to the high
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frequency of collisions< 10*! Hz) between the electrons and the neutral nitrogen atonheiEarth’s
atmosphere [11].

It appears likely that most RF scattering will occur in thexense part of the air shower ionization
column. In Figure 2) we estimate the size of the overdenseneefpr a 13° eV air shower in two
ways: (1) by using the Gaisser-Hillas [12] longitudinal d®pment along with the NKG [13,14]
lateral distribution function, and (2) using a CORSIKA [Eiinulation. Both calculations point to the
diameter of the overdense region for 54.1 MHz sounding textidoeing of order several centimeters.

This estimate allows us to calculate two important featofethe received airshower echo. First,
we can estimate the received power foffelient transmittgreceiver arrangements. Secondly, since
the transverse dimensions of the shower will be fairly smedditive to the wavelength of the sounding
radiation, the scattered signal will be coherent. A consaqa of this coherence is that many phases
of the shower-scattered wave may interfere in such a way p®thuce a phase-modulated “Doppler”
shifted signal. Thisfect has been noted in the literature previously [16, 17],cahcllation for TARA
geometries is presented in Figure 2. This “chirp” structurdaile placing stringent requirement on the
bandwidths of the receiver, also provides a unique sigadiywhich to identify air shower echoes.

4 TARA Observations to Date

As of this conference, TARA has been collecting data foreigbnths. The transmitter is broadcasting
a 54.1 MHz sine wave at 1.5 kW, towards the receiver statioknd@istant. The transmitting antenna
is a single 3-element Yagi with a gain of roughly 8 dB overiispic.

The receiver station consists of an array of low-VHF log @éic antennas pointed towards the
transmitter. These are read out using the Ettus USRP2 seflefined radio receiver, and triggered
in two ways (1) By the Telescope Array's Long Ridge fluoreseedetector (FD), and read out
at 12.5 Megasamplgsecond, and (2) with acsthreshold self trigger, read out at 6.25 Megasam-
plegsecond.

Fluorescence trigger analysis proceeds by analyzing thefaans of FD-triggered events for
chirplike structure. As shown in Figure 3, this analysis ftasd no convincing structure in the most
likely event candidates.

The self-triggered scheme will by definition have structiureéhe waveform. Here, analysis is
performed by comparing the waveform’s GPS timestamps \withe of well-reconstructed TA surface
detector events. Again, as shown in Figure 3 no statisfiGtnificant in-time signals have been
observed.

5 Coming Enhancements

While radar echoes have not been observed in coincidenceredtinstructed Telescope Array air
shower events, TARA has several enhancement projectswagdearhich will increase both the re-
flected power at the receiver and the receiver triggeringaditp-noise ratio (SNR) by large factors.
These factors are summarized in Table 1.

We will increase the transmitted power from 1.5 kW to 40 kW arenby making use of both a
more powerful donated transmitter and a second transmitieh we are in the process of purchasing.
In addition, we will increase theffective radiated power (ERP) by a factor of approximately 20 by
switching our transmitting antenna from a single 3-eleméfi to a phased array of eight 5-element
Yagis. The final ERP of the TARA transmitter will exceed 5 MWhtiauous wave. We will gain an
additional factor of 2.4 by reducing the T~ RX baseline from 50 km to 40 km. (Received power
will roughly scale as baseline to the fourth power.)

At the same time, we are upgrading our radio receivers to agystem based on the National
Instruments NI PXFIexRIO. The FlexRIO features a 250 MHz ADC and a large-mgmir®GA with
complete user control. With the FlexRIO-based system weenilploy a real time “matched filter”
trigger algorithm to search for chirps in thel MHz/usec range. In laboratory tests, we have achieved
test signal triggering at -18 dB SNR with low background gdime FlexRIO system. Conservatively,
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Table 1. Upcoming TARA enhancement factors.

item factor
transmitter upgrade 27
high gain TX antenna 20
decrease detector baseline 2.4
TOTAL POWER AT RX 1,300

DECREASE RX TRIGGER SNR 50

we expect to do as well as -10 dB SNR in the field, a factor of 5fravement over our current5
threshold trigger.

6 Conclusions

The TARA radar observatory is the most ambitiodfor to date to confirm the 70 year-old idea
that extensive air showers should reflect radio frequendiatian. It employs a dedicated transmitter
in a radio-quiet location, colocated with the Northern Hgphiere’s largest conventional cosmic ray
observatory. and fast modern radio receivers in the hunt/f#ECR air shower echoes. To date, no
coincidences between air shower-like echoes have beemveldsdiowever plans are underway to
increase the reflected power at the receiver by a factor oertiman a thousand and to lower the
receiver trigger threshold by a factor of 50 or more in SNRistgreatly enhancing the likelihood of

signal detection.
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Fig. 2. left: lonization electrons per chas predicted by the NKG analytical parametrization [13, 14] (curve) and
CORSIKA [15] (histogram) for a vertical 1&eV air shower at ground level. Also shown is the critical density
for the TARA sounding frequency of 54.1 MHaght: Spectrogram of “chirp” for simulated air shower, initiated
by 10'° eV cosmic ray midway between 54.1 MHz transmitter (TX) and receR)(located 50 km apart. The
shower is inclined at a zenith angle of’3@ a plane perpendicular to a line connecting transmitter and receiver.
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Fig. 3. left: Histogram showing time fierence between TARA self-triggers and TA surface detector evelinés. T
red histogram includes all surface detector triggers, and the blue hastagcludes well-reconstructed UHECR
air showersright: Spectrogram (frequency versus time) for radar receiver datnstréggered by 1% eV cosmic
ray air shower in the Long Ridge fluorescence detector. No chirp-liketsire is observed.



