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The principal idea of ARA

1) Detection of Radio

waves, emitted by neutrino

induced cascades in ice

2) Achievement of 0(100km?3)
detection volume using widely
spaced antenna clusters, which

detect “discrete” Cherenkov cones

3) Use timing +
polarization information

-

ARA station

- _——Antenna cluster

for neutrino

I

ICe

surface I

Incoming v

Interaction vertex
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* Biggest volume of radio-transparent matter on earth (3 km thick, area virtually unlimited)
* Radio-quiet zone
* Cold ice = good for attenuation length
e Available science infrastructure



Detector setup

Station Controller p
50-80 m / To DAQ/power hub
—=Ll . LNA + Equalizer
2 PR / ; “\_housing
+ 10450m| T r Vpo
‘ g 3 antenna
| =N . Hpol
200 m ‘ antenna
- 10-50
Calibration, ‘ f
antenna ! = /. Lower
antenna pair

Downhole configuration
Antenna cluster

One station:

* Measurement system:
* 4 holes, 20m spacing
e 16 antennas, 150 MHz — 800 MHz
(8 horizontally polarized., 8 vertically pol.)

* Calibration system:
* 2 holes, 40 m distant
* 4 pulsing antennas (2 h-pol., 2 v-pol.)
Each station is an autonomous detector!

20/06/2012

ARA at South Pole
® | @

@ @

e 37 stations
e 200m below surface
e ~200km?2coverage
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Detector setup

Station spacing
ARA at South Pole

® @ _® @
1L o © IceCube
MM H @|@ _— ® @ 0 ®_®
ij1005— ;# E ®) @ '1{""‘
RS D @ ® @ ® G

0 2000 4000 6000

unit spacing, m @ @ @ _

2 km station spacing:
Attenuation length for radio waves in ice ~800m
Simulated acceptance saturates at around 2km
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Detector setup
Deployment depth - Ray bending in SP ice

Refraction index n depends on depth

* Main factors: Ice temperature, Density
- Ray bending: Radio rays are bent
downwards during propagation

18 T
1.75
17 F
1.65
$
‘('u‘ 16 F
'E 1.55
E
o 15 F
a
o 1.45
£ 14 1.3730-(4.7+13.8°2)"z E—
0.8+ 0.98(1+exp(30z)) =
= sqrt(1.42.367(0.917-0.565" exp(13.48°2))) feoeeeeres
13 F ds(x) = Dave Besson ]
1.32540.436"(1.-exp(-13.2'%)) =
1.25
-05 04 03 -l:? -01
Depth (km) :
200m deployment depth:
* Going below main “bending zone”
* accounting for drilling cost/time
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50-80 m

| 10450m

t 200m

Calibr,
antgffha

Station Controller | 14 paQ power hub

= Z—;/ ' LNA + Equalizer

= A housing
} Vpol
[ antenna
= Hpol
antenna
10- ‘0
l - (& Lower

antenna pair

Downhole configuration

Antenna cluster

Ray bending in SP ice

depth/m

-1000

-1500

-2000———

— 25 degree
— 30 degree

35 degree
— 40 degree

-& Surface
— 45 degree
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| 50-80m

| - |
1 10450.m|
‘ |
[

|
t 200m_|

Calibration
antenna

Antenna cluster
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™ Station Controller

I

The ARA station

To DAQ/power hub
LNA + Equalizer
housing

Vpol
antenna

Hpol
antenna

0 Lower
antenna pair

Downhole configuration



The ARA station

The antennas

V-pol H-pol
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Surface antennas
y

6 in Birdcage bicone in sand August 2010

g 10 T ] T T T 'I T T T I T T T I T T T I T i
wn 8 - —-Measured, no-ferrite —:
> . ——Measured, with ferrite .
6 'I —NEC2 :simulation, n=1.5 -
4 ]
_T_=_g'_5_2..:.__ _____ s =
C 1 '} 1 1 1 l 1 L 1 l“‘l’ L 1 I 1 L 1 I 1
200 400 600 800 1000
10
R \
N \
8 - | .
C \ ]
- \ -4
6 i

200 400 600 800 1000 1200
frequency, MHz

WY K

\.50-80 m

200m

Calibration
antenna

Station C

“
50.m

Antenna cluster

ontroller 1, paQ/power hub

r ~
10+

LNA + Equalizer T= TransmiSSion
~ O\, ~_housin, ..
AR Vs coefficient

antenna

| Hpol
antenna

D
S
s

{ /10-

/. Lower
/7 antenna pair

|
|
‘

Downhole configuration
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The ARA station

Filters - Amplifiers

* Band + notch filter, to limit the LNA

e input to “our” signal
e * Low Noise Amplifier to enhance the
S signal for the data acquisition system
N/ 200m
equalizer T Ll T l T T T | T T T l I T T I | L i
80 | L
: —\ Pﬂ ]
m 60 1 v
O ]
Surface antennas S 40 fF | ]
) 7 on L 1 I B
—f 20 r
4' 0 : 1 l: 1 I 1 1 1 1 1 1 1 I 1 L 1 I ]I 1 :
V-pOI H-pOI S - Station Controller | 14 paq/power hub

[ - T 4 s
- O g oy = LNA + Equalizer
[ Z - > \;/ / N housing
O < 10450.m \ Vpol
_— - > PO
— ~+ — M 4 I8l antenna
— 0O = - g . N Hpol
> = 200 m 4 Al antenna
= = =3 |
[ =— T D Calibration|
— = antenna == /. Lower
_— ('D - = antenna pair
— - — | s
— T = 5' g Downhole configuration
| =~ Antenna cluster

—
o
=
-]
O,
(%)
™
Q
3
j=2
=
®
-
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LN

e — —_—

Controller Daughtercard (

Waveform Sampling
ASIC (IRS)

cTrL | FPGA

Trjeger/Control

r—|

State

The ARA station

fCIK

Thresh DACs

Event Buffer RAM

Veto High
—=! WF High
WF Low

20/06/2012

WF Low Deep RAM

The DAQ system

Calibration
antenna

ation Controller _

Antenna cluster

To DAQ/power hub
LNA + Equalizer
A housing

Vpol
antenna

Hpol
antenna

Lower
antenna pair

Downhole configuration
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The ARA station

The DAQ system

‘ontroller Daughterc

Waveform Sampling
ASIC (IRS)

Station Controller
- - : e ——
String Controller Daughtercard (1 of 4 e —
——————————————————————————————————— A
Waveform Sampling 1 |
ASIC (IRS) i Power ]
Trfoger/Contrfll : |
' ~ FPGA —= Station Trigger !
TN [N 7| CTRL J Localbus | il pger
200m il 1 / 1 State
equalizer B CIK
‘. 1 SSA
LNA 00m ff ! | '
1= Thresh DACS - Event Buffer RAM |
i Em— '
! ee
. r

WF Low Deep RAM | !

Control/SEQ | |
i

Tr
CTRI

poer/Contro

FPGA

Ul /] Digitization,
""""""""""""""""""""""""""""""""""""""" . Readout
II-'
The trigger: T
AT = Data
| [\ localization
ﬁ". ﬂ'hwl“ﬂ ‘%‘ﬁw I\*\\\Mp #\'ﬁ\ﬁmf‘y\'w N“'MM)‘J\AN\' E.'W"‘W‘J'Af‘{w‘ Tunnel diode monitor / I ocC ki ng
Transient Detector mon. T
Waveform mon. ) Trigger
Input impulse i T 1= processing
. I _:r'l- I & : | T
The DAQ-Chip: 4N M.
* 3.2GS/s, 8 channels
* Data gathered in blocks
* Random access to blocks
- 1kHz event digitization + readout without
dead time at lowest power consumption
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The ARA station

Power - Communication

tation Controller

e " — —_—
String Controller Daughtercard (1 of 4) I Central Station
e . s

00 Waveform Sampling 1 0 i i

I ASIC (IRS) ] Power l-----‘j- Power 3

] : 1 H

1w \ ,om,.l:l““ //} i (CTR %I Local bus 1 m.un-\nllm::;:cr - 3 } i StationS Wi” be Cabled to
R M il e, Y 1 ' | .
‘ centralized power source

| e Data transmission to IceCube Lab
over optical fiber links

X i
€ 2r RAM E
Event Buffer RAM | Array Trig

=1 Veto High
—=| WF High
WF Low

WF Low Deep RAM | |

Control/SEQ l
GPS/Timing

1-of-NNgtations

S SN‘ Controller 15 paQ/power hub
= ~'_:.:/. LNA + Equalizer

l = | / housing
| | | ¥ / .
1 0—5(? m | Vpol
3 antenna
| [ ‘ " Hpol
‘\ antenna

200m |
| 10-50|

antenna ol Lower

antenna pair

Calibration l l

Downhole configuration
Antenna cluster
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The ARA collaboration

UK
London

Germany
Bonn
Wuppertal

Belgium
Brussels

Delaware
Kansas

Maryland
Ohio state
Wisconsin

=

| Japan
Chiba

) . Taiwan
| Taipei

Hawaii
Manoa

Australia
Adelaide
Time line:

2010/2011: ARA prototype: “testbed”, to measure: attenuation
The ARA collaboration: length, noise, timing precision
AUSTRALIA, BELGIUM, GERMANY, ISRAEL, JAPAN, 2011/2012:  deployment: ARA station 1

TAIWAN, UK, USA 2012/2013: station2-4
2013/2014: station5-13

Proposal: arXiv:1105.2854v2
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First measurements/The testbed

Different goals:

e Study background noise

* Measure radio attenuation in ice
e Study reconstruction possibilities

ARA TEST BED ASBUILT

SURVEYED ON 12/31/10 & 01/05/11

NA #2
wl3l o A BH3 —\
¥ : \
6
A5 ——casLe 10

inactive P S \
CABLE —/ 132  ——=SPARE 1 94 —— CABLE Cu rrently
= -~ = SH2 10 ”
®105 %
5 active
JUNCTION BOX: —CABLE 125 -
H3 133 JUNCTION BOX
T R ) SHI
4750 S 2 ul38
Trigger rates during the beginning of 2011 B, -
,()l\ MODULF— / ..
/ COURRRS— |\ g —
= T T T T T T T 25 Bis— camLe ——CABLE
8 i i i i i i i 110w Z118
> - l,‘\. —n
B ~——SPARE 2 /
“6 100 i : i ARA TEST BED CABLE—
> | -' 20 /—SURFACE ANTENNA #1
tOB [ i ' 140m ]\%m @ Deep borehole, bicone+BSC
L N\ \_Hmp @ Ssurface discone+batwing
80 I 15 _”\(f"'““' @ Deep borehole, quad-slot Hpol
L Deep BH cal, bicone+BSC
CAL I e “ll: A

7"A A Surface cal, discone+batwing

L il inactive
[ surface low-freq. antenna

60 ,-

40. ! . ]

L _l:' o Fi \
20 M) '
0 2 4 6 8 1012 14 16 18 20 22
Hour
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First measurements/The testbed

Solar flare, as observed by the
Green Bank Solar Radio Burst Spectrometer

Solar Flare on Feb. 11 triggers the ARA testbed
Scientific interpretation is in progress

Frequency (MHz)

\

Trigger rates during Yhe beginning of 2011
E ' ' ' ' ' ' ' ' 25 2% 17:45 ~ 1600 Tlme“:;‘:o”uz‘a 1830 845
Sl:? i i i : | h i i i i
2100 e
R \ i : As observed by ARA
80 | \ ,
Z ,;,T £
60 : 23 =
R 1 (. £ =
40 : i g _ § :
= . = 7>0.25
s " i R T A
20 [ = s ARA ch14: Surface, 30-300 MHz
0 2 4 6 8 1012 14 16 18 20 22 \ ':j’hi.flb'-‘_ =3
Hour = — e e e W

20/06/2012 ARENA2012 - Erlangen 16




First measurements/The testbed

Reconstruction

Example: Cal. Pulser
reconstruction

ARA TEST BED ASBUILT

inactive

——canLe Currently
active

[ Jan 29 Event Reconstruction |

7 40
H F 450
o 30
s F —400
e— T —
@ Deep borehole, bicone+BSC = -
o , g 200 —1350
urface discone+batwing 2 F
@ Deep borehole, quad-siot Hpol ®° =
s A\ Deep BH cal, biconesssc '?, 10— —300
AL i— L 2 F
. . G Surface cal, discone+batwing 2 -
inactive A A i o | —{250
[0 surface low-freq. antenna § e
e [ —
® E 200
@ E
/:’W = —150
o 15 100
-1 <Ad<T Zoom
50

Timing precision Between two antennas:

P I AP BT EEE TS RS R
5 0 5 10 15 20 °
AP=P nstructed™ Ppuiser (degrees)

8 200; S?reh\%e antennas ]
5 - - std. dev.= 136 ps E H : .
£ 150 [ —
S is0| delayfiom e Achieved resolution:
§ .o  cross-corelation E e
s . F e : 0.37

50 - -

- ] ¢:0.17
0 200 200 0 200 400 600

relative baseline delay, ps

136 ps, baseline of ~20m = ang. reco. precision: ~0.1°
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First measurements/The testbed
Attenuation length

Pulsers installed with last IceCube strings:
e Depth: 1500m, 2500m

e Taken risk: Upper pulsers saturate the testbed
—>useful for stations at higher distances

e Lower pulsers could already be used for
measurement

o) 0 AL L L. Y L
£ -500 z— testbed—z
£~ - 1000 ;— —;
& —1500 F =
o E deep =

—-2000 ;—pu\ser —;
_2500 :_I 1 1 1 1 | 1 1 1 1 | 1 11 1 I 1 1 1 1 | I_:
0 500 1000 1500 2000

horizontal range, m

Extrapolation according to the
temperature + density profile of
the ice

depth, km

0

0.5

- 300 MHz

:_Top 1.5 km: J
- (La) = 168227 m
B /

-124

" Al ice (z<2.55 km):
(L) = 820%1%5 m

I|IIII|\Illllllllllllllllll

i

ILlLJI[JI[IIII[JILIIJIIJ'[I

0 0.5 1 1.5 2 2.5

ottenuation length, km

20/06/2012 ARENA2012 - Erlangen

18




Expected sensitivity

1) GZK detection threshold: ~5*101%V,

2) Sensitivity improving by >factor 10
compared to existing experiments,

3) Even in worst case expected to see
neutrinos.

2 g1 sr“)

log,, ( E F(E), ¢

—-12

~14

-18

—20

Sensitivity

II| I IIIII|T| I IIIIIII| I IIIII|TI I IIIII|T| 1 IIIII|T| I IIIIIII| LI

- A Yuksel & Kistler 07 ]|
- g ) — — - ESS'01 strong -

''''''' - Kotera et al. "10 max

N X ESS '01 baseline
o 5 L > A = Ahlers et al. 11

T
I

e e
2%
/]
[7] ¥
7
T
3
10
30
3
A
1

s
s
(1)

L Kotera et al. "10 mid I\.\\"‘Qﬂf:‘\ S -
--------- Kotera et al. 10 low AU \ >
— - — - Aveetal. '07 Fe mix \ YN

- ©——& ANITA-II (2010) ‘-:\ S\ \ .
| B—8 IceCube-40 (2011) W AN

332 Auger (2009) "§ RN
\

- % ARA-37 3 yrs projected \ \‘\‘ ‘\.\ ) \
_IIIIIII| 1 IIIII|_|J 1 IIIIIII| 1 IIIII|_|] 1 IIIII|_|I 1 II\I.'IIUJ I\‘I I‘\II\III\ 1 III_

1015 1015 101? 1018 ‘]O‘IQ‘ 1020 1021
log,,(energy, eV)
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Future plans — work in progress

Present achievements in the ARA collaboration:
* First results from ARA prototype
* First station deployment in winter 2011/2012

Future plans:

» Data are currently being analyzed to produce first neutrino limit
* Deployment of two more stations in winter 2012/2013

e Start neutrino search!
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Measuring the refraction index?

Measurement results fit within 1% error
- good model of the refraction index

100 150 200
time, ns

Expected delay: 122 ns

—_— Y _

0 50 100

correlation lag, ns

Using deep pulsers in IceCube:
 Depth: 2500m
* Calculating arrival times: direct, reflected 000
wave - 500F
> ‘
e Taking ray bending into account g o
S NN NN RLNLSLIL LI L S seob
e S0F festbed -1000— J
& —1000 £ 3 0 S0
:? 1500 z_deep _z
—2000 i pulser —i
_2500 :_I 11 1 | I 111 | | 11 1 1 | 11 1 1 I I_:
0 500 1000 1500 2000
horizontal range, m g 1
o A LA A LA L 5 05
E feflected 3 8
e °F E g o
5‘ _40 ;_ -7 antenna _; g
§ -60 | direct - 2 05 l
_80 E_ " geometric _E 100 50
_']OO : 1 1 1 1 ‘r,l 1 1 I 1 1 1 I 1 1 1 | 1 1 I:
1940 1960 1980 2000 2020
horizontal range, m
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Detector simulation

Calculation of Volumetric acceptance in km3sr

e Assuming cylinder: r=10km, h=2km
* Neutrinos from below are shielded by the

earth
- 4000 km3sr

1

. . E

Other interesting values: =
v Interaction profiles Zenith distr. of detected v S

R

19
185 +

o
(&)
T
1

AN/N, per 100 m

l0g,o[aN/a(cos 8,)]

depth, kilometers

Taking into account:
* Antenna sensitivity
e Attenuation length

* Cross section

FT ™ T " T

T I T
E ARA-37 BASELINE DESIGN

37 STA, SPACING=2km HEX GRID
4 STR/STA, 4 ANT/STR
DEPTH=200m, AX= AY= AZ= 20m

3 Y Y YT U [N U SN WY TN N TN ST W T NN TN WY SO W Y U WY -

3

16 1/ 18
log,o(E, eV)

19

20
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Non signal influences

Wind:
Causes snow blowing across the surface
—> Spontaneous el. discharges at the surface

Outside temperature:
Testbed is relatively shallow

-> Strong temperature changes
together with air temperature

L ....... e Ratewrﬁ“““““"““; ...... p— ..............................

Testbed trigger rate:
* Not correlated to wind speed
* Strong dependence on temperature

700 121
Day of Year



The performance

In real numbers

Model & references Ny: ANITA-II, ARA,
(2008 ﬂigh[) 3years _12 “' T IIIII|T| T IIIII|T| T IIIIIIII T TTT
Baseline cosmogenic models: i Yuksel & Kistler '07 |
) ) = o — — - ESS’01 strong
Protheroe & Johnson 1996 [27] 0.6 59 =0 X o\ - Kotera et al. 10 max |
Engel, Seckel, Stanev 2001 [28] 0.33 47 ~ 14 ESS '01 baseline
. T I s U - A T ~ Ahlers et al. 11
Kotera,Allard, & Olinto 2010 [29] 0.5 59 5 T
Strong source evolution models: - - SO
%) N O = .
Engel, Seckel, Stanev 2001 [28] 1.0 148 o B O '\e‘" B —
: c =16 F ol K ey OB
Kalashev et al. 2002 [30] 5.8 146 = ~lm 2 oA RN, -
© - Iy > s A =
Barger, Huber, & Marfatia 2006 [32] 3.5 154 - -7 ~ AN % N
. s e NN
Yuksel & Kistler 2007 [33] 1.7 221 — L NIRRT N &
L " 'ﬂi RRNNRNON o
Mixed-Iron-Composition: L 48 o B NN
N N .
AVe er a!. 2005 [34] 001 66 ~ L —-—-—-— Kotera et al. 10 mid I\_ \\‘ﬁ\:‘\_ S
O e —— Kotera et al. '10 low ! \ %, A3 O
Stanev 2008 [35] 0.0002 1.5 o L Mo ot ol 07 Fo NN jﬁ
Kotera, Allard, & Olinto 2010 [29] upper 0.08 11.3 B -e—g ANITA-I (2010) "‘:\ \\i}. \\
Kotera, Allard, & Olinto 2010 [29] lower 0.005 4.1 -20 B—HB :jgelirbéagog)(zm” ‘-;\ ‘-:\ \\
E E B N
Models constrained by Fermi cascade bound: " ¥-——¥r ARA-37 3yrs projected ‘{\ \\‘ '\_\ \\
Ahlers et al. 2010 [36] 0.09 20.7 I : Y full
15 16 17 18 19 20 21
Waxman-Bahcall (WB) fluxes: 10 10 10 10 10 10 10
WB 1999, evolved sources [37] 1.5 76 log,g(energy, eV)
WB 1999, standard [37] 0.5 27
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Event reconstruction

* After Fraunhofer interference:
» Signal is Gaussian distributed over angle
AB around opening angle of the cone

Al ~
970 X [ Erpnm

v

E(w,R,0;) «

E(w,R,0) = E(w,R,0;)e
{ 2.7° 1 B, % for By < 1 PeV

0.14 E(H—ELPAJ

Eo

R

0-06,1>
—II’IZW]

3 )
otherwise

ARA station SuUu rfa ce

ARA station

Values to be reconstructed:
1) Direction

2) Distance to vertex

3) Polarization

1), 2): Reconstruction via grid search:

gyl G

O
1

At = time difference between
antenna triggers

3): with differently polarized
antennas

ARA station

M ice

Interaction vertex

20/06/2012

Cerenkov signal

N\
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Reconstruction precision

-1"<Ad<1" Zoom

[ Jan 29 Event Reconstruction |

w
=

N B
o o
Il

o
IIII|\\II|IIII‘\III|IIII|HII|IIII‘\III

-G)pulm (degrees)

-
(=]

reconstructed
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coaoa b by by by by by by
4 45 a0 5 0 5 10 15 20
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reconstructed-(plluﬁer
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Curvature time/ns
(on 20m baseline)
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