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ARA: Askaryan Radio Array

-‐	  Detec&on	  of	  UHE	  cosmogenic	  
neutrino	  
-‐	  Expected	  sensi&vity	  10x	  IceCube

-‐	  Coherent	  emission	  from	  charge	  
excess	  in	  neutrino	  induced	  shower
(Askaryan	  effect)
-‐Radio	  aFenua&on	  length	  in	  ice	  ~	  1km
(at	  op&cal	  wavelength	  ~	  100	  m)
-‐	  Bipolar	  pulse	  of	  few	  ns

-‐	  Elemental	  detector:	  string	  of	  4	  
antennas	  (2	  vert/2	  hori	  polariza&on)
-‐	  1	  sta&on	  =	  4	  strings
-‐	  3	  sta&ons	  installed	  (37	  planned)

2



R. Gaior (Neutrino Frontier Dec. 2014)

ARA @ Utah

Concept:	  Shoot	  electrons	  in	  ice	  to	  produce	  a	  shower	  and	  observe	  the	  Askaryan	  like	  signal

Source:	  
-‐	  Telescope	  Array	  LINAC	  
-‐	  Ice	  block	  as	  a	  target

Detector:	  
-‐	  ARA	  antenna	  +	  ampli
-‐	  Fast	  oscilloscope
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	  Will	  be	  conducted	  in	  January	  (2015)



ARA @ Utah

Concept:	  Shoot	  electrons	  in	  ice	  to	  produce	  a	  shower	  and	  observe	  the	  Askaryan	  like	  signal

Source:	  
-‐	  TA	  LINAC	  electron	  beam	  
-‐	  Ice	  block	  as	  a	  target

Detector:	  
-‐	  ARA	  antenna	  +	  ampli
-‐	  Fast	  oscilloscope
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	  Probe	  the	  parameterizaEon	  of	  the	  radio	  signal	  used	  in	  ARA	  simula&on

	  Check	  the	  absolute	  calibraEon	  of	  ARA	  antenna	  
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Source and Target

Source:	  TA	  LINAC
-‐	  source	  of	  40	  MeV	  electron	  
-‐	  maximum	  of	  109	  par&cles/s
-‐	  bunch	  of	  few	  ns	  long	  divided	  in	  sub	  bunches	  
(every	  350	  ps)	  
-‐	  bunch	  length	  can	  be	  changed

Target:	  Ice	  block
-‐	  100cm	  x	  30cm	  x	  30	  cm
-‐	  Installed	  in	  a	  plas&c	  box	  1m	  above	  the	  beam	  exit
-‐	  can	  be	  inclined	  to	  choose	  the	  exit	  angle	  of	  radio	  
wave

M. Relich
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E field simulations

M. Relich

-‐	  G4	  simula&on	  of	  target
-‐	  Shower	  length	  ~	  20	  cm
-‐	  more	  plateau	  like	  than	  shower	  dev.

-‐	  each	  subbunch	  creates	  a	  separated	  E	  
field

par&cle	  distribu&on	  in	  target Complete	  E	  field	  simula&on
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Detector setup

Antenna	  tower
-‐	  Adjustable	  height:	  7	  -‐>	  12	  m
+	  horizontal	  pole	  of	  6m
+	  antenna	  support	  for	  verEcal	  and	  horizontal
polarizaEons
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Bottom Chiba
freq. = 300MHz

Antennas
-‐	  two	  antennas	  at	  the	  same	  &me
-‐	  3-‐4	  m	  from	  the	  tower
-‐	  Calibra&on	  and	  simula&on	  in	  progress
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Full simulation

K. Mase

bandwidth limited 
for noise reasons

Mul&ple	  bunches	  create	  interferences	  in	  the	  
radio	  signal

Antenna	  response	  widens	  the	  signal	  in	  &me
Expected	  signal	  ~	  tens	  of	  mV
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Antenna support test

Are	  we	  able	  to	  operate	  a	  12m	  tower	  ???

9R. Gaior (Neutrino Frontier Dec. 2014)



On site test on Nov. 2014

Purposes

1.	  Site	  check	  

2.	  Work	  on	  beam	  lenght	  and	  monitoring

3.	  Radio	  noise	  survey

4.	  «Rehearsal»
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Electron Beam studies

Faraday cup Wall current monitor

-‐	  Bunch	  length	  reduced	  to	  5ns
(thanks	  to	  Shibata	  san	  and	  KEK	  engineers)

-‐	  subbunch	  structure	  measured	  with	  FC	  

-‐	  Total	  charge	  measured	  also	  with	  WCM	  

(FC	  stops	  the	  beam)

-‐	  Good	  correlaHon	  (~3%	  spread)

5ns
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Radio noise on site

-‐	  Rather	  radio	  quiet	  environment

-‐	  No	  constant	  noise	  from	  the	  LINAC

-‐	  We	  did	  observe	  a	  larger	  noise	  from	  the	  control	  room

	  	  	  	  	  	  (will	  be	  shielded	  in	  January)
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Figure 7 comparison of average(left) and max(right) spectra pointing to different direction
taken at the same position
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Figure 12 vertical beam off

Figure 13 vertical beam on

• there are several rays localized in frequency, especially around 260 MHz. (But also for

instance one around 297 MHz present in horizontal and vertical polarization). Their

influence on the signal has to be checked with the signal strength.

• there is a bump at 300MHz, almost always present, but sometimes disappearing. Its

amplitude is quite large and it is present on a rather large bandwidth. This can be

ennoying, but once again it has to be compared with the signal power.

12

12R. Gaior (Neutrino Frontier Dec. 2014)



Transient noise from beam

-‐	  Small	  signal	  from	  the	  beam	  itself	  (no	  target)

-‐	  Probably	  from	  «sudden	  birth»

→	  small	  background

13

~15.5m
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Test of complete chain
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Vertical polar.

Horizontal polar.

-‐	  Polarized	  signal	  observed
-‐	  order	  of	  100mV	  in	  vert.

-‐	  ...	  but	  similar	  without	  ice	  !

→	  TransiEon	  radiaEon	  from	  plasEc

!"#

$%&&#'
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Test of complete chain
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-‐	  Hole	  in	  plasHc	  box
-‐	  Signal	  reduced	  by	  a	  factor	  5	  
-‐	  SHll	  higher	  than	  witout	  target
-‐	  Horizontal	  polar.	  not	  expected	  
→	  might	  have	  observe	  Askaryan	  like	  signal	  !

!"#$%&#'%()

!"#

Vertical polar.

Horizontal polar.
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Sum up 
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-‐	  VerHcal	  polarizaHon	  dominant

-‐	  Radio	  signal	  dependence	  ~	  quadraHc
-‐	  ContribuHon	  from	  TR	  from	  air-‐plasHc	  

(will	  be	  reduced	  in	  real	  condi7on	  with	  a	  hole	  in	  ice	  box)

-‐	  Possible	  contribuHon	  from	  air-‐ice	  transiHon

→Analysis	  ongoing	  to	  disentangle	  Askaryan	  from	  TR
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January experiment
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•	  Experiment	  will	  be	  held	  in	  January	  

-‐	  Everything	  was	  shipped	  and	  arrived	  on	  site

-‐	  Mechanics	  work	  for	  ice	  box	  structure	  being	  done	  at	  Utah

-‐	  Equipment	  tested	  in	  lab

set	  up	  will	  be	  really	  be>er	  than	  the	  previous	  pictures	  !!

•	  4	  days	  of	  beam

-‐	  nominal	  measurement	  ~	  1	  day

-‐	  addiHonal	  tests	  for	  background	  characterizaHon

R. Gaior (Neutrino Frontier Dec. 2014)



Conclusion
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•	  ARA	  @	  Utah	  aims	  at	  a	  confirmaHon	  of	  radio	  coherent	  signal	  and	  detector	  

calibraHon

•	  Full	  simulaEon	  from	  parHcle	  to	  electric	  field

•	  Design	  and	  implemented	  the	  experimental	  setup

•	  First	  tests	  on	  site	  conclusive,	  but	  TR	  might	  be	  an	  issue	  

	  Experiment	  conducted	  next	  January	  !!!

R. Gaior (Neutrino Frontier Dec. 2014)
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Back up: Beam shape convolution
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Back up: Radio signal parameterization

21R. Gaior (Neutrino Frontier Dec. 2014)

Q(z):	  charge	  at	  depth	  z

Fp:	  Form	  factor	  (determined	  with	  full	  simula7on)

(J. Alvarez Muniz et al, PRD 84,103003)



Back up: Target setup
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Back up: Target setup
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Back up: Target setup
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Back up: ARA

25R. Gaior (Neutrino Frontier Dec. 2014)
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FIG. 27: Top (large pane): Simulated neutrino volumetric accep-
tance (km3 sr water equivalent) for the ARA instrument baseline de-
sign. Bottom left: Depth distribution of simulated events for different
neutrino energies, showing the contribution of deep ice down to 2 km
or more at the higher energies. Bottom right: zenith angle distribu-
tion of detected neutrino arrival directions for a range of neutrino
energies. Events are detected over a range from ∼ 45◦ above the
horizon to ∼ 5◦ below it.

of earth attenuation, neutrinos arrive almost exclusively from
above the horizon, nominally giving ∼ 2π steradians for the
solid angle. The net target acceptance of the simulated ARA
detector is thus just over 4000 km3 sr, and this represents
the maximum neutrino volumetric acceptance the simulation
could obtain. However, once the constraints given by the neu-
trino interaction cross section, the ice attenuation length, and
the ray-tracing geometry of the ice, and the antenna response
functions are imposed, the effective acceptance becomes an
energy-dependent fraction of the initial target acceptance.

Fig. 27 shows the simulated V Ω results for our adopted
baseline design, as a function of neutrino energy in the range
of interest for the cosmogenic neutrino flux. The acceptance
reaches the level of > 200 km3 sr at the mid-range of the cos-
mogenic neutrino flux, which has a broad plateau from about
5× 1017 eV up to just over 1018 eV, and continues growing
slowly up to the highest simulated energies, approaching a
Teraton-steradian.

Fig. 27(bottom) gives a plot summary of some characteris-
tics of the simulated data vs. neutrino energy. On the bottom
left, the depth distribution of detected events is shown nor-
malized to the event fraction per hundred meters. Events orig-
inating from below about 2 km depth tend to be suppressed, as
the attenuation of the ice begins to grow quickly in the warmer
basal ice [16]. The estimated average attenuation length of our

2 km-deep fiducial volume is about 1.5 km, a factor of three
better than ice in locations such as the Ross Ice Shelf, where
the thickness is limited to several hundred m, and the attenu-
ation lengths are comparable to this thickness scale. SP ice,
especially in the upper 2 km of its depth, is the clearest solid
dielectric medium on Earth in the radio range, and is the most
compelling natural feature of the ARA site.

Fig. 27(bottom) also shows the arrival zenith angular distri-
bution of neutrino events that were detected, showing that the
neutrino angular acceptance spans a range from ∼ 5◦ below
the horizon to ∼ 45◦ above the horizon, more than 6 steradi-
ans of solid angle.

TABLE II: Expected numbers of events Nν from several UHE neu-
trino models, comparing published values from the 2008 ANITA-II
flight with predicted events for a three-year exposure for ARA-37.

Model & references Nν: ANITA-II, ARA,
(2008 flight) 3 years

Baseline cosmogenic models:
Protheroe & Johnson 1996 [27] 0.6 59
Engel, Seckel, Stanev 2001 [28] 0.33 47
Kotera,Allard, & Olinto 2010 [29] 0.5 59

Strong source evolution models:
Engel, Seckel, Stanev 2001 [28] 1.0 148
Kalashev et al. 2002 [30] 5.8 146
Barger, Huber, & Marfatia 2006 [32] 3.5 154
Yuksel & Kistler 2007 [33] 1.7 221

Mixed-Iron-Composition:
Ave et al. 2005 [34] 0.01 6.6
Stanev 2008 [35] 0.0002 1.5
Kotera, Allard, & Olinto 2010 [29] upper 0.08 11.3
Kotera, Allard, & Olinto 2010 [29] lower 0.005 4.1

Models constrained by Fermi cascade bound:
Ahlers et al. 2010 [36] 0.09 20.7

Waxman-Bahcall (WB) fluxes:
WB 1999, evolved sources [37] 1.5 76
WB 1999, standard [37] 0.5 27

In Table II we give expected neutrino event totals from a
wide range of currently allowed cosmogenic neutrino models
for ARA in three years of operation, compared to recent pub-
lished expectations for the best current limits to date, from the
ANITA-II flight [3]. It is evident that ARA-37 will extend in
sensitivity above ANITA-2’s sensitivity by factors of two or-
ders of magnitude or more. For strong-source-evolution and
baseline models, ARA-37 detects between of order 50 to over
200 events in three years of operation, enough to establish the
basic characteristics of the energy spectrum and source arrival
directions.

There are also recent cosmogenic neutrino flux estimates
which compute neutrino fluxes subject to constraints from the
Fermi diffuse gamma-ray background [36], and which include
a heavier nuclear composition (e.g., an admixture of iron) for
the UHECRs [29, 34, 35]. Over a 3-year timescale all of these
models are detectable, but in some cases only marginally, and
up to five years will be necessary to establish the flux. Over
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FIG. 12: Average noise power spectral density for recent data for all antennas in the current ARA-testbed.

FIG. 13: Average noise power spectral density for the surface anten-

nas with extended low frequency response.

is due only to a change in the relative noise power, and this

gives the antenna temperature as compared to the load tem-

perature. In practice, the antenna temperatures observed in

this calibration were all comparable to the load temperature

within the standard errors of the measurement, which were of

order 10%. This shows that the antenna temperatures are con-

sistent with the ambient ice temperature. An exception in this

procedure was observed for the two surface antennas, which

were subject to the strong Galactic noise component below

100 MHz. Above 100 MHz the observed noise in these anten-

nas was consistent with the thermal noise of the ice however.

Figure 12 shows average Fourier power spectral density of

the antenna+receiver thermal noise, taken for several hundred

events which were selected as unbiased noise sample wave-

forms from data taken in late April 2011, run 2533. The ther-

mal noise power level has been first-order calibrated, with a

systematic error of about ±1 dB. Pure thermal noise at 290 K

produces a noise power spectral density of -174 dBm/Hz,

and in our case our average ice+receiver thermal noise is just

above this, at about 325 K, about 0.5 dB above room temper-

ature equivalent. In most cases the data match these expecta-

tions well, but in some cases our gain calibration appears to

be offset.

There are several features apparent in these data that are

worth noting. First, for each channel the passband filter re-

sponse is evident. For the borehole antennas (upper eight),

the passband is 130-850 MHz; for the next 6 of 8, the pass-

band is 100-400 MHz; these antennas are near-surface anten-

nas that are physically larger and thus respond down to lower

frequencies, although their beam patterns are still designed to

primarily view down into the ice. The last row contains two

borehole Hpol antennas, the QSCs, and the two low-frequency

surface fat dipole antennas. The QSCs do not turn on until

about 200 MHz. Below their turn-on frequency they act as

effective terminations, so the thermal noise power transitions

over to Johnson noise. For the surface dipoles, their LNAs

are ineffective above about 300 MHz, so they are lowpassed

above that frequency.

Second, some channels show ripple of up to ±1 dB (

∼ ±10% in power) in the noise spectra; these are likely due

to residual antenna impedance mismatches, which create low-

level reflections between the antenna and LNA. Such effects

can be mitigated with more careful matching which has been

achieved in other antennas that do not show these effects. In

practice this spectral ripple leads to very little distortion for

pulse measurement since the reflection is causally late com-

pared to the signal.

Third, in each of the borehole antennas (the upper eight

4

FIG. 2: ARA testbed downhole antennas: left two images, wire-frame bicone Vpol antennas; right two images, bowtie-slotted-cylinder Hpol

antennas.
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FIG. 3: Left: Quad-slot cylinder antenna used in one borehole for ARA-testbed. Center: Simulated Gain (dBi) vs. elevation angle ( zero

degrees is the vertical direction) for three frequencies for the QSC antenna. Right: Simulated Gain (dBi) in the horizontal plane vs. azimuth,

showing the high degree of uniformity of the QSC azimuthal response.

150 MHz to 850 MHz. This goal was achieved with the

Vpol antennas, but the 15 cm diameter borehole constraint

has proved challenging for the Hpol antennas, both of which

have difficulty getting frequency response below about 200-

250 MHz in ice. In addition, the BSC antenna, although it

was found to have better efficiency than the QSC, suffers from

some azimuthal asymmetry in its response, and thus the QSC,

which has uniform azimuthal response, will be used for fu-

ture ARA stations. In the current testbed station, we have

primarily used the BSC antennas because of the ease of their

manufacture for the 2011 season. Figure 2 shows photographs

of the wire-frame bicone antennas and the BSCs as they were

readied for deployment. Fig 3 shows a photo of one of the

QSC prototypes (only one of the 4 slots is evident), along

with simulated results for the gain patterns in elevation and

azimuth, illustrating the uniformity, which was confirmed at

several angles in laboratory measurements.

Figures 4 and 5 show the voltage standing wave ratio

(VSWR), along with the power transmission coefficient for

the primary borehole antennas used for the ARA-testbed.

VSWR is related to the complex voltage reflection coefficient

ρ of the antenna via the relation

V SWR(ν) = |ρ(ν)+1|
|ρ(ν)−1|

and the effective power transmission coefficient T (either as a

receiver or transmitter from antenna duality) is given by

T (ν) = |1−ρ(ν)|2

and may be thought of as the effective quantum efficiency of

the antenna vs. frequency ν although RF antennas in the VHF

to UHF range never operate in a photon-noise limited regime.

In addition to the coupling efficiency of the antennas, the

other important parameter for RF performance is the antenna

directivity gain G, often denoted as just gain, and related to

the effective power collection area of the antenna via the fun-

damental relation

Ae f f (ν) =
Gc2

4πν2


